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Atlantic Croaker is a popular baitfish among anglers targeting a variety of 
gamefish in the Gulf of Mexico. Aquaculture of this species could help meet the demand 
for Croaker, especially during winter when wild-caught Croaker are unavailable. 
Currently, Croaker aquaculture involves broodstock maturation, spawning, and larval 
culture at high salinity. This protocol prevents the direct use of coastal water for culture 
along the  Mississippi Gulf coast where salinity is low. This study examined the 
feasibility of performing hatchery production of Atlantic Croaker at low salinity. 
Culture of Croaker broodstock at 10, 20, and 30 psu during the maturation period 
was compatible with the completion of gametogenesis in both sexes. Results of hormonal 
induction of spawning revealed that sperm production, ovulation rates, fecundity, and 
fertility of spawns were reduced at 10 psu and maximized at 20 psu. Neutral buoyancy of 
Croaker eggs was reached at 25 psu in all groups indicating that embryos should be 
incubated at this salinity or higher. 
In a second experiment, larvae cultured at 30 psu (typical of wild spawning 
conditions) were transferred at 1, 5, 12, 18, and 25 days post hatch (dph) to 2, 10, 20, and 
30 psu. Larval survival duration post-transfer increased with age, in particular following 
development of the gills, and was highest when larvae were transferred to 10 psu, 
suggesting that stress and maintenance energy needs are reduced in iso-osmotic 
conditions. Practical culture at low salinity for early stage Atlantic Croaker may be 
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CHAPTER I - GENERAL INTRODUCTION 
Live bait fishing is one of the most popular techniques among recreational 
anglers. However, fish and other organisms used as live baits can be difficult to collect 
from the natural environment, and the challenges associated with supplying bait fish 
retailers are limiting the development of this fishing practice. The aquaculture of fish for 
bait has grown significantly nationwide and generated $32.8 million in revenue in 2018 
(2017 Census of Agriculture: 2018 Census of Aquaculture, 2019). Currently, the majority 
of baitfish aquaculture targets freshwater species (U.S. Department of Agriculture, 2014). 
However, live bait sales were estimated to contribute 3.8% of the $854 million sales in 
saltwater fishing related supplies in 2013 (“Aquaculture in the United States,” n.d.; 
Croaker Technical Task Force, 2017) for an estimated total of over $32 million 
highlighting the potential for growth of marine live bait culture.  
The potential for growth in live bait culture is particularly important in the Gulf of 
Mexico region which accounted for 37% of the total landings of marine recreational 
fisheries of the United States in 2018 (Fisheries of the United States 2018, 2020) and 
over 31% of nationwide expenditures in fishing related supplies in 2013, 5.7% of which 
($15.1M) was on live baits (Croaker Technical Task Force, 2017). In the Gulf of Mexico, 
baitshop owners reported that time of year affected the market, with live bait purchases 
occurring primarily during warm seasons, but this demand is mostly due to unavailability 
of most live baits in winter (Hanson et al., 2004). Aquaculture would contribute to the 
success and development of this sector by providing a reliable and sustainable supply of 
live bait, and by opening niche markets during cold seasons when wild-caught marine 
live baits cannot be sourced from the wild. 
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The Atlantic Croaker (Micropogonias undulatus) is a small sciaenid popular as a 
live bait for many of the major recreational fishes, such as the spotted seatrout, flounder, 
red drum, large groupers and red snapper (Ohs et al., 2013). Atlantic Croaker range from 
the Gulf of Maine to Argentina (Cowan, 1988; Waggy et al., 2006). They are a common 
groundfish found in a wide range of salinities (0-35 psu) and temperatures (9-32℃) 
(Creswell et al., 2007). Croaker are particularly good baitfish because they are 
euryhaline, and therefore provide flexibility of use in both high salinity offshore waters 
and in brackish inshore waters (Lemus et al., 2014a; Sink, 2011; Sink et al., 2010). 
Another important attribute of Croaker is their hardiness. Croaker baits typically show 
good viability through fishing trips and can withstand multiple casts (M. Lee Mississippi 
Department of Marine Resources, personal communication). Three size classes of M. 
undulatus are commonly used as bait (2-3 inches, 4-6 inches, and 7-8 inches) depending 
on the fish being targeted (Ohs et al., 2013). Lemus et al. (2013) reported prices as high 
as $1.00 per 5-6-inch fish in some parts of Florida when the availability of wild-caught 
Croaker is low, particularly during the winter. The Gulf States Marine Fisheries 
Commission (GSMFC) also reported prices as high as $12/dozen for live Croaker 
(Croaker Technical Task Force, 2017), and noted that this bait species is especially 
popular in Louisiana and Texas where the demand has grown proportionally with fishing 
effort.  
Efforts to develop aquaculture of Atlantic Croaker to date have focused on 
inducing spawning and initiating larviculture trials during the natural fall spawning 
season which results in the production of juveniles during spring and summer (Lemus et 
al., 2014a). While Sink et al. (2010) reported spontaneous spawns of captive Croaker, 
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these have rarely been observed at the Thad Cochran Marine Aquaculture Center 
(TCMAC). However, final maturation and spawning of the species has been achieved 
using LHRHa hormone administered via single injections or hormonal implants  (Gwo et 
al., 1993; Lemus et al., 2014; Sink et al., 2010, P. Thomas UTMSI).Viable embryos can 
be obtained with high rates of success using a single injection of this hormone followed 
by strip-spawning and in vitro fertilization or tank spawning. A protocol for larviculture 
in intensive recirculating seawater systems was developed by Lemus et al. (2014) and 
yielded over 25% survival using a sequence of rotifers and Artemia live feeds as initial 
food source. Published information on grow out to market size are lacking but juveniles 
have been cultured in intensive recirculating systems or in ponds in pilot trials at the 
TCMAC and the Mississippi Department of Marine Resources (MDMR) Lyman fish 
hatchery. 
Despite recent progress developing protocols for spawning and culturing larvae, a 
number of bottlenecks to expanded production of Atlantic Croaker remain. Both male 
and female adults reach advanced stages of gametogenesis in captivity but fail to spawn 
spontaneously. Hormonal induction is required to obtain the final maturation of gametes 
and spawning (Lemus et al., 2014; Sink et al., 2010), but the process involves handling 
fish to administer a subcutaneous implant or inject a hormone solution. The stress 
incurred during handling has been shown to affect gamete quality in fish (Schreck et al., 
2001) and likely accounts for the high variability of spawn viability.  Developing 
hormone-free spawning methods, or at least improving current procedures to minimize 
stress, would be beneficial to increase egg quality and the predictability of developmental 
success of spawns. Shifting the reproductive cycle for year-round bait production would 
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bring new market opportunities to this industry and would therefore also deserve to be 
tested.   
My thesis research focused on another constraint related to producing Atlantic 
Croaker on the Mississippi Gulf Coast which is the need for high salinity water for a 
significant portion of the rearing cycle. The current culture protocol involves a culture 
salinity of 30 psu or higher for broodstock during the maturation and spawning periods 
(early fall and winter) as well as for the first phases of larval culture. These culture 
phases cannot be performed using water obtained from the natural coastal environment in 
Mississippi because the salinity in these waters is low and fluctuating owing to the strong 
influence of freshwater outflows (Croaker Technical Task Force, 2017; Eleuterius, 
1976).Instead, current practices employ artificial seawater to reach the target 30 psu 
salinity in culture systems used for broodstock maintenance and larval rearing. 
Aquaculture models envisioned for Atlantic Croaker along the Gulf coast utilize low-
cost, low-input production systems such as inland ponds typically managed by part-time 
producers (Sink, 2011). Considering salt costs of approximately $0.1 per Gallon, the 
amount of salt needed to maintain ponds at high salinity for broodstock conditioning or 
larval culture would be prohibitive. Salt costs would be much reduced if culture was 
performed in intensive recirculating systems where fish density per unit volume is higher, 
but this production model requires high initial investments and involves a higher level of 
technical expertise unrealistic for small-scale businesses. Closing the cycle of the Atlantic 
Croaker at low salinity would enable the use of local coastal waters and render culture of 
this species a more feasible option to supply the bait market along the Mississippi Gulf 
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Coast. Therefore, the primary objective of this work is to evaluate the feasibility of 
completing all phases of the Atlantic Croaker life cycle at low salinity. 
Atlantic Croaker experience different salinity conditions as they move through the 
successive phases of their life cycle. CroakerSexual maturity is typically reached at one 
year of age (Anderson et al., 2018; Croaker Technical Task Force, 2017). Adults leave 
coastal areas and move offshore to spawn during early fall and have been reported in 
spawning condition until spring although the peak of spawning is assumed in October 
and November when most individuals are found ripe (Hoese, 1965; Croaker Technical 
Task Force, 2017). Embryos and larvae are pelagic and transported by coastal currents to 
estuaries that they occupy until adulthood. New cohorts of juveniles born between 
October and late winter develop in coastal waters and do not recruit to the size suitable 
for bait until the late spring. Therefore, wild-caught juveniles and adults in the size range 
targeted for bait are only available during spring, summer and early fall. Aquaculture 
production could fill the demand and expand the market during the winter season when 
retail prices are high due to the lack of wild individuals.  
Low salinity habitats have been proposed to be optimal for Croaker culture; for 
example, Moser and Gerry (1989) reported lower oxygen demand of Atlantic Croaker at 
15 psu than at 34 psu in laboratory trials. Because oxygen consumption is related to 
metabolic rate, the outcome of this study suggested that the maintenance energetic costs 
are lower at 10-15 psu than at higher salinities. In addition to the reduced energetic costs 
involved in using low salinity habitats, the high food availability and high temperatures 
of brackish estuaries may promote faster growth (Varsamos et al., 2005). Accordingly, 
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these life history stages have been cultured at low salinity  with high survival and growth 
performance (Sink and Lochmann, 2011). 
There is little information concerning the duration of larval transport to estuaries 
from spawning grounds or the age at which larvae reach low-salinity estuarine waters. 
Current estimates of larval ingress in estuaries is about 30 – 60 days post hatch based on 
the size of the smallest specimens reported in estuaries in early spring  (8-20 mm, 
Croaker Technical Task Force, 2017) and otolith aging of migrating larvae (Cowan, 
1988; Schaffler et al., 2009). According to these data, Atlantic Croaker would encounter 
high salinity conditions during the final gamete maturation period (early fall to late 
winter) and the first 30 to 60 days of life. However, Thorrold et al. (1997) and Barbieri et 
al. (1994) present evidence of possible nearshore spawning of Atlantic Croaker near the 
Chesapeake Bay. Nearshore spawning would indicate that low salinity maturation, 
spawning, and early larval development might be possible and could be achieved in 
captivity. This hypothesis is also supported by the observation of spermiation in Atlantic 
Croaker males maintained in low salinity ponds (<5 psu) during the maturation period at 
the MDMR Lyman fish hatchery (Michael Lee, MDMR, Personal communication). 
To evaluate the feasibility of closing the Atlantic Croaker life cycle at low 
salinity, the ability of the species to complete maturation, spawning, and larval 
development in low salinity water needs to be investigated. Teleost fish, like the Atlantic 
Croaker, are osmoregulators which means that they need to regulate their internal fluid 
and electrolyte balance to maintain homeostasis. This process is active and involves 
expending energy to counteract processes that act to change the salt and water content of 
the fish internal environment. Fish tissues typically feature a salt content equivalent to 
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approximately 10-12 psu (300 mOsm osmotic concentration; Wang and Kultz, 2017). 
The seawater encountered by Atlantic Croaker during the offshore phases of their life 
history has an osmotic concentration (close to 1,000 mosm; Croaker Technical Task 
Force, 2017) that is much higher than the fish internal environment. Fish tend to lose 
water and gain ions in high salinity waters due to the difference in osmotic concentration 
and thus they need to osmoregulate by drinking water and actively excreting salts. In 
contrast, when external salinity is less than 10-12 psu, fish tend to lose ions and intake 
water and need to respond by actively retaining salts in their tissue, reducing water 
ingestion, and excreting excess water (Varsamos et al., 2005). In teleosts, active 
osmoregulation begins in the embryo at the gastrulation stage and osmoregulatory 
capabilities then increase as ontogeny progresses (Varsamos et al., 2005, 2001). Chloride 
cells (also called ionocytes) pump excess ions against the concentration gradient and are 
therefore essential to the osmoregulation process (Katoh et al., 2000). For example, a 
saltwater fish’s chloride cells will pump ions out of the body to maintain homeostasis. 
These specialized cells differentiate in the integument of the yolk sac before the embryo 
hatches (Varsamos et al., 2005, 2001). At hatch, more ionocytes differentiate in the 
integument of the larva and then in its digestive tract. As the larva metamorphoses, it 
develops gills where chloride cells are found at high density typically at the base of gill 
arches (Varsamos et al., 2005). Adult fish use primarily gills and kidneys to 
osmoregulate. In saltwater exceeding the osmotic concentration of fish tissues, the loss of 
water is compensated by drinking water; ion regulation occurs via secretion of Na+ and 
Cl- by the gills and digestive tract and through the production of concentrated urine 
(Varsamos et al., 2005). The Na+ K+ ATPase contributes to the osmoregulation function 
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of the gills and intestinal epithelia by enabling Cl- co-transport at the apical level of 
chloride cells which is necessary for the excretion of Cl- in seawater at the basal level 
(Evans, 2010; Grosell, 2006). The activity of the alpha subunit has been shown to 
increase following freshwater transfer in other euryhaline fish such as Fundulus 
heteroclitus (Scott et al., 2004) or Morone saxatilis (Tipsmark et al., 2004), possibly 
reflecting a role in ion retention in the gills and making this enzyme a potential indicator 
of adjustment to low-salinity conditions. Chloride cells in freshwater fish are shallow-
pitted single cells whereas saltwater fish have multicellular complexes with deep pits 
(Kaneko et al., 2002). 
Atlantic Croaker adults are euryhaline and tolerate a broad range of salinity but, 
as shown by Moser and Gerry (1989), the offshore spawning habitat incurs an energetic 
cost for osmoregulation. The species may have developed adaptations to the high-salinity 
offshore environment characteristic of this life stage. Traits that might have evolved 
towards an optimum in offshore habitats include high salinity cues and stimuli triggering 
some of the physiological processes involved in gamete maturation and/or spawning 
behaviors (Juntti and Fernald, 2016). Response to these cues could enable 
synchronization of maturation with the migration to spawning grounds. Other important 
traits that could be affected by water salinity include gamete activation and parameters 
associated with egg viability such as egg buoyancy (Bobe and Labbe, 2010). Salinity 
plays an important role in gamete activation and viability for teleost fishes. The sperm of 
marine fish is activated in hyperosmotic solutions and the threshold at which sperm is 
activated is species-dependent (Dolomatov et al., 2012). Eggs also are activated when 
released in external water at fertilization and likely have an optimum activation salinity 
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as shown in the European eel (Sorensen et al., 2016). Salinity also affects egg buoyancy 
which determines the position of embryos and newly hatched larvae in the water column. 
In the Atlantic Croaker and other fish that spawn pelagic eggs, egg buoyancy could 
contribute to the fitness of a spawn by maintaining newly hatched larvae in appropriate 
layers for pelagic transport and ensuring proximity to prey items the larva will need at the 
initiation of exogenous feeding. Before hatch, positive egg buoyancy is also related to 
enhanced embryo viability and hatch rate (Babin et al., 2007). The gamete characteristics 
discussed above may also be influenced by parental acclimation conditions. Indeed, in 
another coastal sciaenid, the spotted seatrout, egg neutral buoyancy was positively 
correlated with spawning salinity (Kucera et al., 2002; Banks et al. ,1991). This 
adaptation, when present, would compensate for reduced buoyancy in less saline 
environments and potentially increase the fitness of offspring of brooders spawning in 
these conditions. These results highlight the importance of monitoring buoyancy of 
embryos and early larvae as a measure of fitness and examining the buoyancy and 
salinity tolerance of spawns produced from parents acclimated to different salinity to 
assess the occurrence of parental regulation of embryo and larval fitness in response to 
environmental conditions experienced during gametogenesis.  
Finally, Atlantic Croaker may also have evolved toward an optimal larval 
development at high salinity considering that only late larvae are expected to reach the 
low salinity of estuarine waters. Larvae may acquire the tolerance to low estuarine 
salinity only once the organs involved in the osmoregulation of juveniles such as the gills 
and kidneys are in place. The timing of the differentiation of these organs may thus 
determine the ontogeny of larval tolerance to low salinity (Varsamos et al., 2005). 
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Accordingly, monitoring of the development of the osmoregulatory system may provide 
insights into the ontogeny of salinity tolerance and help determine when Croaker can 
likely be successfully cultured at low salinity. The observation of the location of chloride 
cells discussed above and the detection of proteins involved in osmoregulation carried by 
these cells such as the Na+/K+ ATPase (Cieluch et al., 2005) provide potential indicators 
that can be used to characterize the ontogeny of osmoregulatory capacity. 
This research aims to evaluate the feasibility of closing the rearing cycle of 
Atlantic Croaker at low salinity. Low salinity culture is known to be effective for 
juveniles and adults during the spring and summer seasons. Adult fish can overwinter in 
low salinity environments, but there is no information on their ability to complete gamete 
maturation and produce viable spawns in these conditions. The viability of Atlantic 
Croaker early larvae at low salinity is also undocumented and is another research need to 
evaluate the feasibility of low-salinity culture of this species for all or most of the rearing 
cycle.  This work tests the hypothesis that the optimum salinity for final gamete 
maturation, spawning and early larval development of Atlantic Croaker is consistent with 
the conditions they encounter in their natural habitat i.e. close to 30 ppt in the Gulf of 
Mexico. A second hypothesis is that this optimum is modulated by the actual salinity 
experienced by brooders during the gamete maturation period. 
The main objective of this work is therefore to assess the effect of salinity on 
gamete maturation, spawn parameters and larval development of Atlantic Croaker. The 
objective of Chapter II is to study gamete maturation of broodstock acclimated to 
different salinities (10 psu, 20 psu, and 30 psu) and assess the effect of salinity on gamete 
quality and activation potential. The viability parameters of embryo and newly hatched 
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larvae produced at different salinity will then be assessed. The objective of Chapter III is 
to study the tolerance of Atlantic Croaker to low salinity at different larval developmental 
stages and monitor the ontogeny of the osmoregulatory system. The combination of these 
two studies provides essential data that will help determine which phases of the Atlantic 
Croaker culture cycle can be completed at low salinity in order to minimize salt costs 
involved in aquaculture operations. 
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CHAPTER II - EFFECT OF SALINITY ON GAMETOGENESIS, GAMETE 
QUALITY, AND EMBRYONIC DEVELOPMENT 
2.1 Introduction 
The reproduction of fish and other animals is modulated by external factors acting 
as cues stimulating the neuro-endocrine system that controls gametogenesis and 
spawning (Jalabert, 2008). These cues are often reflective of seasonal changes in 
environmental conditions (e.g. temperature and photoperiod), and the stimulus they 
generate induces reproduction at a specific time of the year or ‘breeding season’ 
(Chemineau et al., 2007). While the effects of temperature and photoperiod on fish 
reproduction are well documented (Bromage et al., 2001), other environmental features 
characterize changes in habitats during the maturation or spawning periods and may also 
affect the reproductive cycle. Such changes in environmental conditions are experienced, 
for example, by anadromous species such as salmon that transition from marine habitats 
to freshwater during spawning migrations, or by catadromous species such as eels that 
move from freshwater to the open sea for spawning (Augspurger et al., 2017; Zydlewski 
and Wilkie, 2012). Atlantic Croaker and other sciaenids such as red drum undergo 
migrations from coastal and estuarine areas to offshore waters where they aggregate and 
spawn (Croaker Technical Task Force, 2017; Hansen, 1969; Odell et al., 2017; Sink, 
2011). Environmental parameters that differ between habitats used during the coastal and 
marine phases of the Croaker life cycle include: salinity, depth, and, potentially, density. 
In the northcentral Gulf of Mexico, where salinity of coastal waters is low, the spawning 
migration offshore translates into a transition to high salinity - putatively, over 30 ppt. 
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Salinity may therefore influence the reproductive process, particularly gamete 
maturation, spawning, and the fitness of early life stages that experience decreasing 
salinity as they drift toward coastal waters. 
Effects of salinity on reproductive adults are not known and can target different 
phases of the gamete maturation process. A first question is, thus, whether salinity affects 
all or only part of the gamete maturation cycle. The kinetics of gamete maturation of 
Atlantic Croaker during the pre-spawning season is not formally described, but 
preliminary data obtained at the USM-GCRL (A. Bardon, E. Saillant Unpublished 
results) indicate that females bearing oocytes at advanced stages of maturation and 
spermiating males are observed in late summer when Croakers are still found in low 
salinity estuarine water in the wild. These observations suggest that only the late phases 
of maturation of the oocytes (leading to hydration and ovulation) in females and 
spermiation in males may be affected by salinity. Salinity is also a major factor 
determining the activation of gametes (Tiersch and Yang, 2012). Reproduction may be 
partially or completely inhibited in low salinity water if gametes are not fully activated at 
release preventing effective fertilization. Following spawning, salinity may affect the 
fitness of embryos and larvae in multiple ways. Salinity, by modulating density, directly 
affects the buoyancy of embryos and newly hatched larvae. Atlantic Croaker eggs float in 
high salinity water allowing them to maintain a close proximity to planktonic organisms 
they feed on during early life (Croaker Technical Task Force, 2017). The neutral 
buoyancy of Atlantic Croaker eggs is not known and may vary as a function of the 
salinity experienced by brooders during the maturation period as shown in the spotted 
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seatrout (Gigli, 2019; Kucera et al., 2002). Embryos and newly hatched larvae exposed to 
low salinity water may experience negative buoyancy bringing them to unfavorable 
benthic waters and away from food sources. This initial negative buoyancy may also 
prevent the inflation of the swim bladder, which requires contact with the surface and is 
necessary for the larva to initiate active control of its position in the water column 
(Woolley and Qin, 2010). Alternatively, the yolk and oil globule, along with other 
developmental changes, in newly hatched larvae may be enough to maintain optimal 
position of larvae in the water column until the swim bladder is inflated (Saborido-Rey et 
al., 2003) yet initial negative buoyancy is a common problem in aquaculture especially 
following induced spawns and this trait is used as a measure of egg quality (Phelps et al., 
2009). Salinity also may affect larvae by inducing osmotic stress which may lead to faster 
depletion of vitellin reserves and low success initiating exogenous feeding due to 
insufficient energy resources remaining for the food transition phase (Kjorsvik et al., 
1989). These stress responses, as buoyancy, may be affected by the salinity experienced 
by broodstock.  
In summary, broodstock acclimation salinity during the fall sexual maturation 
season may affect gamete maturation, gamete activation and/or the survival and 
development of embryos and newly hatched larvae. Understanding these effects would 
allow determining if broodstock can be maintained at a lower salinity than currently 
applied until spawning without affecting the sexual maturation process and gamete 
quality. This chapter also aims to evaluate if the salinity of the fertilization and 
incubation medium influences gamete quality and/or embryo and larvae viability and if 
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these responses are affected by the salinity experienced by the brooders during 
maturation. Specific questions are as follows: What is the effect of salinity during the late 
summer and fall maturation period on gametogenesis, fecundity and gamete quality? 
What is the effect of the salinity of the fertilization and incubation medium on gamete 
activation potential, fertilization, and the subsequent viability and fitness of embryos? I 
hypothesize that salinity will not affect the early phases of gametogenesis, but that low 
salinity will inhibit the final events of gamete maturation. I also hypothesize that the 
salinity of the fertilization and incubation medium affects the fertilization rate, embryo 
viability and hatch rate, and post-hatch fitness of offspring and that these effects are 
modulated by the salinity experienced by brooders during maturation. 
 
2.2 Methods 
2.2.1 Experimental Design 
In this experiment, growth, gamete maturation, and gamete quality at different 
times of the fall maturation season were monitored in groups maintained at 10, 20, or 30 
psu. These salinities were chosen based on current culture practices and salinities 
naturally experienced by Atlantic Croaker in Mississippi coastal waters. The high salinity 
(30 psu) reflected current culture protocols designed to match the salinity of the offshore 
natural spawning habitat used by Atlantic Croaker in the northern Gulf of Mexico. The 
low salinity (10 psu) reflected salinities experienced during spring and summer in 
nearshore habitats frequented by Atlantic Croaker during these seasons. The mid-level 
salinity (20 psu) was chosen as an intermediate point between current and prospective 
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spawning salinities and could reflect conditions at a nearshore spawning site. Each 
treatment was implemented in one separate recirculating system each featuring two 
replicate tanks. Each replicate tank included 9 broodfish (6 females and 3 males). The 
number of females was determined as the maximum number of spawns that could be 
processed simultaneously during strip spawning events. The number of males was 
determined based on available broodstock.  
All fish were maintained in the same tank at 9.65 ± 0.60 psu throughout the 
summer season. Three months prior to spawning, broodfish were allocated at random to 
one of the experimental groups. One group remained at 10.08 ± 0.36 psu until spawning. 
Salinity was gradually adjusted to desired treatment levels in the other two groups. 
Acclimation to treatment salinity simulated a progressive fall migration into offshore 
waters (1 psu/day, 10 days acclimation for the 20 psu treatment and 20 days acclimation 
for the 30 psu treatment). All systems were maintained at target salinity (20.14 ± 0.49 for 
the 20 psu group, 30.27 ± 0.82 for the 30 psu group) until the spawning date. All culture 
procedures and target water quality parameters, other than salinity, were identical 
between systems and culture tanks.  
Gamete maturation in males and females was monitored monthly. Upon reaching 
spawning temperature (20 ºC), all fish received a single injection of LHRHa (10 g.kg-1 
for females, 5 µg.kg-1 for males) to induce final gamete maturation. Females and males 
were strip-spawned and gamete quality was assessed in fertilization trials performed at 
the three tested salinity levels to assess the effect of fish acclimation salinity on gamete 




2.2.2 Fish Collection, Quarantine, and Husbandry 
Atlantic Croaker broodstock were obtained by hook-and-line fishing in the area of 
Ocean Springs, MS and by trawls operated by the Dauphin Island Sea Lab in Mobile 
Bay, AL. Potential broodstock were brought to the lab in an aerated cooler filled with 
artificial seawater. Upon arrival at the TCMAC, all fish underwent routine prophylactic 
treatments to reduce the risk of introduction of pathogens into the aquaculture facility. 
The decontamination protocol included a 5-minute immersion in freshwater followed by 
a 24-hour bath in Praziquantel (5ppm) and at least 35 days in 25 ppm copper. Broodstock 
were then individually tagged with Passive Integrated Transponder tags (Oregon RFID, 
Portland, OR) to allow monitoring of growth, maturation, and spawning history in 
captivity. Fish were reared in a 47 m3 recirculating system containing artificial seawater 
prepared using well water and Fritz two-part marine mix (Fritz Aquatics) replaced by 
Crystal Sea Marine Mix (Marine Enterprises) from September 2017 onward. Fish were 
fed an equal mixture of cigar minnows, squid, and shrimp equivalent to 5% total biomass 
three times per week. During the gamete maturation and spawning periods, the diet was 
partially substituted twice a week with a supplement that included lecithin (0.2 %) and a 
vitamin premix (SeaTab, Pacific Research Labs Inc.), mixed with fish-meal (34 %) and 
fish-oil (2.6 %), and combined in a gelatin-based preparation that was distributed at 1% 
Body Weight.  
Broodstock were acclimated to a salinity of 10 psu in March to match conditions 
in the natural habitat used by Croakers during the spring and summer seasons. The 
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temperature and photoperiod were adjusted throughout the study to simulate the natural 
cycle in Mississippi coastal waters. Temperature and photoperiod values used to simulate 
the cycle were based on data collected at the NOAA National Data Buoy Center (Station 
42067). Target spawning temperature and photoperiod were 20℃ and 11-hours 
photophase, respectively. The cycle was advanced by one month to obtain spawning 
capable fish by mid-October. Salinity, temperature, dissolved oxygen, and pH were 
monitored daily using a YSI 556 MPS multiparameter meter and alkalinity, ammonium, 
nitrites, and nitrates were measured three times a week using Hach Aquachek test strips. 
The pH was maintained at 8.00 ± 0.5 and alkalinity between 180 - 240 ppt through 
additions of sodium bicarbonate (soda ash). Ammonia, nitrite and nitrate levels were 
maintained below 1 ppm, 5ppm, and 50 ppm respectively. Ammonia and nitrite were 
controlled through initial conditioning of the biofilter and adjustment of the water 
turnover rate through this filter. Nitrate levels were maintained below the threshold 
through water changes.  
 
2.2.3 Fish Selection, Transfer and Acclimation to Tested Salinity 
On 28 September 2017, broodfish were weighed, measured, and evaluated for 
health status. The selected females and males used in the experiment were allocated to 
tanks (6 females and 3 males per tank) at random, although the allocation aimed to 
maintain similar biomass and size distributions in each tank. Females included in the 
experiment were in good health status, weighed less than 1 kg at the time of the biometry, 




2.2.4 Hormonal Induction, Strip-spawning, and Fertilization 
Hormonal induction of ovulation and spermiation occurred once the temperature 
reached 20℃ and remained at this value for an acclimation period of 14 (first spawning 
trial) or 21 days (second spawn–ing trial). This temperature gives best results for captive 
spawning based on previous trials Croaker at the TCMAC (Bardon and Saillant, 
Unpublished results) and data reported by Sink et al. (2010); this temperature is also 
consistent with conditions in the wild during the peak spawning season in the Gulf of 
Mexico (October-November). Because of the large number of fish and samples that 
required processing within a short time to monitor pre- and post-spawning parameters, 
induction trials were performed on two different dates.  Fish from one replicate tank for 
each treatment were induced on 22 November 2017 and those from the second replicate 
tank from each treatment were induced on 29 November 2019.  
The day before induction, broodfish were moved to individual floating baskets to 
allow easy access during monitoring of ovulation of females and gamete collection for 
fertilization. Biometry was conducted at the time of the move and gamete maturation 
status was assessed as described in section 2.3.5. Fish in all treatment tanks received an 
intramuscular injection of LHRHa (Bachem) dissolved in Phosphate Buffered Saline (10 
µg.kg-1 for females and 5 µg.kg-1 for males). Ovulation was expected to occur 
approximately 30-35 hours following hormonal induction. At 30 hours post-injection, 
sperm was stripped from males and collected in syringes. Sperm was checked for motility 
by activating a drop of milt with 20 l seawater and observing spermatozoa movements 
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at the edge of the mixture using a compound microscope at 400x magnification. Samples 
were assigned to motility classes as described in Leclercq et al. (2014). For each sperm 
sample, the percentage of motile spermatozoa was estimated twice. All sperm samples 
showing an average motility of 20% or higher were used for fertilization. Sperm from the 
males present in the same tanks were pooled (equal volume of sperm from each male) 
and the mixture was diluted (1:3 with Hanks Balanced Salt Solution, HBSS at 200 
mOsm/kg), and stored at 4℃ until evaluation of sperm concentration. During the first 
trial, one male in the 30 psu treatment did not yield any milt post-induction so the pool of 
sperm from this tank included only sperm from the other two males. The other 5 pools 
included sperm from all 3 males present in the corresponding tanks. The concentration of 
each pool of sperm was estimated by direct counting in a Makler sperm counting 
chamber. Each pooled sperm was applied at a ratio of 100,000 spermatozoa per egg 
during fertilizations. This ratio corresponds to an excess of sperm for Atlantic Croaker 
(Gwo et al., 1991; A. Bardon-Albaret and E. Saillant, unpublished results) and was 
chosen so that sperm concentration would not be the limiting factor to fertilization 
success.  
Beginning at 30 hours post-induction, females were checked for progress of 
oocyte maturation. Criteria used to monitor ovulation included the aspect and texture of 
the genital papilla, the observation of inflated flanks in hydrating females due to the large 
increase of oocyte volume during hydration, and finally the softening of the abdomen 
which reflects the release of ovulated oocytes from follicles in ovulating females. When 
ovulation appeared imminent, females were wrapped in a towel in the basket, turned 
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upside down, and gently squeezed in the abdominal area.  If hydrated eggs were released, 
they were collected on a slide and observed using a dissecting microscope. Ovulated eggs 
take a hexagonal shape on the slide due to the softening of the egg membrane at 
ovulation; These ‘hexed’ eggs are ready for fertilization.  
Upon detection of ovulation, females were removed from the water and held in a 
wet towel. The area surrounding the papilla was blotted dry to prevent contamination by 
seawater or urine and the eggs were stripped manually into a dry beaker. Nine samples of 
approximately 100 eggs were obtained from the spawn with a plastic spoon for small 
volume fertilization trials at different salinities. Each 100-egg sample was stocked into a 
50 mL beaker for fertilization at 10, 20, or 30 psu (3 replicate fertilizations were 
performed for each of the 3 salinity conditions). Diluted sperm was added to the eggs at a 
ratio of 0.94 to 3.44 l per 100 eggs to achieve the target spermatozoa per egg ratio of 
100,000:1 during fertilization accounting for the actual concentration of each pool of 
sperm. Water was then added (1 volume water/1 volume ova) to activate ova and 
spermatozoa and promote fertilization. After 2 minutes, the eggs of each 50 mL 
fertilization beakers were transferred to an individual 1-L beaker for incubation until the 
fertilization and hatch rates could be determined. The remainder of the spawn was 
fertilized in large volume (the collection beaker) at the acclimation salinity of the parent 
using the same protocol as above with quantities scaled up to reflect the number of eggs 
estimated for the spawn. Following fertilization, the spawn was placed in a bucket filled 
to 9L with seawater and aerated. Fecundity and fertilization rates were assessed and 
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viable spawns were stocked in 110 L incubators for development at a density of 1 
egg·mL-1. 
Incubators were maintained at spawning temperature and salinity with gentle 
aeration and water recirculated at a 300mL·min-1 turnover rate until determination of 
hatching rates at 24 hours post fertilization. 
 
2.2.5 Sampling and Measurements 
Fish were monitored monthly during the fall maturation season. At each time 
point, water in the tanks was lowered to ~20 cm depth and fish were lightly anesthetized 
with MS222 (50-80 ppm). Fish were moved to a bath where a higher anesthetic dose (100 
ppm MS222) was applied for flash anesthesia to prevent stress and injury during 
handling. While under anesthesia, the health status was evaluated, the weight and length 
were measured, and oocyte maturation status of females and spermiation of males were 
assessed.  
On 27 September, 27 October and 20 November, the weight and length of each 
fish were measured to the nearest g and mm respectively. Ovarian biopsies were taken 
from females using a Frydman memory catheter (CCD laboratory) and fixed in a clearing 
fixative (Ethanol, Formalin, Acetic acid 6:3:1). Biopsies were observed using a dissecting 
microscope and pictures were taken using a ProgRes C5 camera (Jenoptik, Huntsville, 
AL). Oocyte maximum diameter was measured for 30 eggs in each sample and oocyte 
maturation stage was determined as described in Zarski et al. (2011): Stage I: uniform 
yolk, no oil droplet visible; Stage II: small and poorly visible oil droplets filling the entire 
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cytoplasm of the oocytes; Stage III: oil droplets well defined, peripheral hyalinization; 
Stage IV: ring of large forming droplets centered around the germinal vesicle; and Stage 
V: less than five large oil droplets coalesced with diameter about ¼ of the germinal 
vesicle diameter. Males were assessed for spermiation by applying a gentle pressure on 
the flanks in the antero-posterior direction and observing the emission of milt from the 
genital papilla. 
Parameters recorded for females and spawns included the latency period (time 
interval between hormonal induction and ovulation), the volume of viable eggs, the 
neutral buoyancy salinity of viable eggs, spawn fecundity (number of eggs), the 
fertilization rate, and the hatching rate.  
The volume of viable eggs was assessed after removing non-hydrated eggs with a 
plastic spoon or pipette. The buoyancy of fertilized eggs was assessed using methods 
adapted from Kucera et al. (2002): A vertical salinity gradient was created in a 100 mL 
graduated cylinder by superposing layers of saltwater varying in salinity in increments of 
5 psu.  Each layer was added carefully using a 1 mL pipette starting with the highest 
salinity layer (35 psu, the lowest layer in the cylinder due to highest density) and adding 
successive layers of decreasing salinity finishing with the lowest salinity layer (10 psu). 
Every other layer was dyed in red with food dye to facilitate readings. Approximately 30 
eggs were dropped at the top of the cylinder and allowed to equilibrate to neutral 
buoyancy for each spawn. The buoyancy for each egg group was then recorded as the 
salinity of the layer in which eggs stabilized.  
 
24 
Fecundity was determined by counting the number of eggs in three, 1 mL 
subsamples of the egg mixture once the spawn was reconstituted in 9 L seawater and 
extrapolating the average to the total volume (9 L).  
Fertilization rates were assessed approximately 1h20 post-fertilization at 20℃. 
The fertilization rate for each of the 9 test fertilizations (3 salinities x 3 replicates) and the 
large volume fertilization performed on each spawn was recorded once the second 
embryonic division stage was reached by counting the ratio of the number of fertilized 
eggs (two or more embryonic cells visible) to the total number of eggs (fertilized + 
unfertilized). Embryos were returned to the 1-L beaker and monitored until hatch at 20℃. 
The hatch rate was estimated for each group by counting the proportion of hatched larvae 
(number of hatched larvae to the number of larvae + unhatched eggs).  
For the large-scale fertilizations, estimates of fertilization and hatch rates were 
determined from samples of eggs collected by mixing the content of the incubator with a 
beaker and obtaining three samples with a pipette (fertilization rate) or with a plastic tube 
(150 cm long, 1 cm diameter) that allows sampling the entire water column (hatch rate). 
The three samples were combined and counted to generate the estimate.     
Following hormonal induction, sperm samples were collected to assess total milt 
production, sperm concentration, and motility. Motility was measured using a compound 
microscope and Computer Assisted Sperm Analysis (CASA; CEROS by Hamilton 
Thorne, Beverly, MA) at Louisiana State University. Motility was characterized as the 
percentage of activated spermatozoa (swimming forward vigorously). Motility was 
assessed following activation of sperm samples in a series of medias prepared at different 
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salinities in order to characterize motility activation curves for males in each treatment. 
The sperm concentration was determined by direct counting in a Makler chamber. Sperm 
production was characterized as the total volume of sperm collected. 
 
2.2.6 Statistical Analysis 
Proportion data was arcsin square-root transformed to improve normality. 
Normality was tested using the Shapiro-Wilks test and homoscedasticity was assessed via 
the Levene’s test. Water quality data were analyzed using a repeated measures ANOVA 
accounting for the fixed effect of maturation salinity treatment (repeated factor: 
measurement date, subjects: individual replicate tanks, model 1). A hierarchical ANOVA 
accounting for the fixed effect of maturation salinity, the fixed effect of phenotypic sex, 
and the random effect of replicate tank nested in salinity (model 2) was used to analyze 
thermal growth coefficients (TGC, Jobling, 2003) calculated for length and weight and 
for Fulton’s condition coefficient (Fulton, 1902). Initial length or weight were included in 
the model as covariate when they were found significantly correlated with TGC or k.  
A hierarchical ANOVA accounting for the fixed effects of month and maturation 
salinity, the random effect of tank nested within salinity, and the random effect of female 
nested in tank, was used to assess oocyte diameter (model 3). Because one treatment (20 
psu) was lost during the induction period of the first spawning trial (see results), 
statistical analysis of spawn parameters was conducted separately for the two trials: One-
way ANOVAs were used to test the effect of the fixed factor ‘maturation salinity’ with 
the random effect of female nested within maturation salinity (model 4) on large volume 
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fertilization rate and hatch rate. Replicated measurements of sperm concentrations of 
pooled sperm were analyzed using a similar model accounting for the fixed effect of 
maturation salinity and replicate measurements (random) nested in maturation salinity 
(model 5). One-way ANOVAs were used to test the effect of the fixed factor ‘maturation 
salinity’ (model 6) on fecundity and milt volume. Hierarchical ANOVAs accounting for 
the fixed effect of maturation salinity, the fixed effect of (small volume) fertilization 
salinity (crossed with maturation salinity) and the random effect of female nested within 
a maturation salinity were used to assess the variables fertilization and hatch rates 
measured during the small volume fertilization trials (all spawns were fertilized at 3 
salinities, model 7). Sperm motility at different osmolarity was assessed using a similar 
model (model 8) accounting for maturation salinity (fixed) crossed with activation 
osmolarity (fixed) and the random effect of male nested in treatment.  
 
2.3 Results 
2.3.1 Broodstock Husbandry 
Temperature and dissolved Oxygen did not differ significantly between groups 
across the period (F2,324 = 0.97, p = 0.38 and F2,324 = 0.87, p = 0.42 respectively).  The pH 
did differ significantly between groups (F2,324 = 14.77, p < 0.0001). The pH was higher in 
the 10 psu group from 8 October onward (p < 0.001). The pH in the 20 and 30 psu groups 
were homogenous (p = 0.40). The amplitude of difference among the three systems 
increased after 5 November but remained moderate (average difference between 10 and 
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20 psu: 0.08; between 10 and 30 psu: 0.11). Ammonia (NH4
+), nitrite (NO2), and nitrate 
(NO3) remained within target ranges throughout the study.   
 
2.3.2  Biometry and Monitoring of Gametogenesis 
Fish were examined and their sexual maturity status was determined during the 
final biometry immediately before hormonal induction of spawning (20 November 2017 
and 27 November 2017). The biopsy collected from one female in the 20 psu group 
contained traces of blood possibly owing to a tear that occurred during cannulation. Two 
females and one male in the second 20 psu replicate tank, and another two females in the 
30 psu group exhibited a light redness on the ventral side. Minor lower lip injuries were 
observed on three 20 psu females. These fish were otherwise in good apparent condition 
and induction therefore proceeded on all the fish.  
Weight TGCs differed significantly among salinity groups for all the tested 
periods (September-October: F2,40 = 6.17, p = 0.005; October-November: F2,40 = 7.54, p = 
0.002; September-November:  F2,40 = 9.83, p < 0.001). The 30 psu group had a higher 
growth rate than the 20 and 10 psu groups across the trial period (Figure 2.1). The 
difference was significant during the comparison of the 30 psu group to the 10 psu group 
for all time periods (p < 0.01) while the difference between the 20 and 30 psu groups was 
significant only for the October-November and September-November time periods (p = 
0.03 and p = 0.02, respectively). There was no significant difference between the 10 and 
20 psu groups. There was no significant effect of sex, sex x salinity interaction, or 
replicate tank on thermal growth coefficients. Length TGCs were not significantly 
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different among maturation salinities for any time period although the 30 psu group 
tended to have a higher growth rate as discussed above for weight TGCs.  
 
Figure 2.1 Thermal growth coefficients (mean ± SE) of broodstock housed in 10, 20, and 
30 psu tanks (n = 18 per treatment) for three time intervals within the maturation period: 
September – October (a), October – November (b), September – November (c). 
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The condition coefficient did not differ significantly among salinity groups at the 
September and October biometries (Sept: F2,40 = 1.27, p = 0.29; Oct: F2,40 = 0.22, p = 
0.80), but did differ marginally among salinity groups in November (F2,40 = 3.27, p = 
0.049).  The three salinity groups were not distinguishable during Tukey’s post-hoc 
comparison.  
Oocyte diameters did not differ significantly among treatments or months (F2,2142 
= 0.64, p = 0.53; F3,2142 = 0.68, p = 0.56, respectively). There was no significant 
difference in maturity stage among treatment salinities (F1,107 = 0.68, p = 0.41). There 
was a significant difference in oocyte maturity among months (F3,107 = 12.73, p < 0.001). 
Most of the females were at stage I for the first two measurements (September and 
October) and at stage II at the final measurement (November; Table 2.1). Spermiation 











Table 2.1 Maximum oocyte maturity stage recorded in biopsies from individual females 





Stage September October November 
10 
I 5 7 0 
II 6 3 12 
III 0 1 0 
IV 0 1 0 
20 
I 4 4 1 
II 6 5 10 
III 0 3 1 
IV 0 0 0 
30 
I 4 5 0 
II 5 4 10 
III 0 3 2 
IV 0 0 0 
 
2.3.3 Hormonal Induction, Strip-spawning, and Fertilization 
All broodfish were injected between 4:30 and 5:45 AM for the first spawning trial 
(21 November 2017) and between 2:15 and 3:00 AM for the second spawning trial (28 
November 2017).  All the fish present in the 20 psu replicate tank assessed in the second 
trial died between induction and strip spawning due to a technical failure of the 
recirculating system.  
  Males were stripped between 27 hours 40 minutes and 28 hours 18 minutes post-
injection for the first trial and between 28 hours 31 minutes and 29 hours 45 minutes 
post-injection for the second trial. Females were stripped when ovulation was detected, 
which occurred between 33 hours 30 minutes and 38 hours 37 minutes post-injection for 
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the first trial and between 36 hours 2 minutes and 38 hours 34 minutes post-injection for 
the second (Table 2.2).  
 
Table 2.2 Mean ± SD of female parameters recorded during the two trials for each 
maturation salinity treatment. Parameters include weight at spawn (g), length at spawn 
(g), thermal growth coefficient (TGC; September – November), spawning latency, 
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2.3.3.1 Latency and fecundity 
In the first trial, all six females in the 20 psu group ovulated and five females 
ovulated in both the 10 and 30 psu groups. In the second trial, three females ovulated in 
the 10 psu group and five ovulated in the 30 psu group. The sixth female in the 30 psu 
group of the second trial died prior to ovulation. There was no significant difference 
between salinity groups for latency duration for either trial (1: F2, 13 = 0.12, p = 0.89; 2: 
F1,6 = 0.40, p = 0.55). Latency duration was not significantly correlated to weight at 
spawning in either trial (first trial r = -0.09, p = 0.75, second trial r = -0.66, p = 0.08). 
Fecundity did differ among treatments with differences between groups close to one 
order of magnitude or more (Table 2.2) although differences were not statistically 
significant due to high and heterogeneous variances within groups. Differences were 
marginally significant in trial 1 (F2,15 = 2.99, p = 0.08) and not significant in trial 2 (F1,6 = 
0.53, p = 0.49). In both trials, fecundity tended to be lower in the 10 psu groups while the 
20 and 30 psu groups were homogeneous (Table 2.2). There was a high variance among 
individual females within a group (coefficient of variation CVs were 128.61%, 130.67% 
and 107.61% for the 10, 20 and 30 psu groups, respectively). Part of the differences 
among females was due to female size which explained 43% of the variance in fecundity 
in trial 2 (r2 = 0.43, p = 0.08), yet only 0.8% in trial 1 (r2 = 0.0076, p = 0.75).  
 
2.3.3.2  Sperm production and motility 
Total milt volume per male did not differ significantly among groups for either 
trial (1: F2,5 = 0.10, p = 0.90; 2: F2,6 = 0.62, p = 0.57; table 2.3). Sperm pool 
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concentrations differed significantly among treatments for both trials (1: F2,6 = 11.46, p = 
0.009; 2: F2,6 = 6.84, p = 0.03) but there was no clear ranking pattern for the salinity 
treatments across trials: the 20 psu had the lowest concentration and 30 psu the highest in 
trial 1 (the 30 psu and 20 psu groups were significantly different; p = 0.008) while during 
the second trial, the 20 psu group had the highest concentration and the 30 psu group the 
lowest (30 psu groups was significantly different from both the 10 and 20 psu groups; p = 
0.049 and p = 0.04; Table 2.3). Sperm motility measured at collection differed 
significantly among treatments for both trials (1: F2,38 = 9.17, p < 0.001; 2: F1,32 = 9.17, p 
= 0.005). The correlation between male size at spawn and motility was negative for the 
first trial (r = -0.56, p < 0.001) but positive and non-significant for the second trial (r = 
0.31, p = 0.06). The outcome of ANOVAs was unchanged by the inclusion of a covariate 
and considering the inconsistency of the above-mentioned correlation values, the 
treatment ranking is discussed based on uncorrected data. The ranking of treatments also 
was inconsistent between the two trials (Tables 23): the 30 psu group had a higher 
motility (49 ± 14%) than the 10 and 20 psu groups which were homogeneous (40 ± 13%) 
in trial 1 but in the second trial, motility was higher in the 10 psu group (10 psu group: 56 






Table 2.3 Mean ± SD of male parameters for each maturation salinity (psu) during the two trials including weight at spawn (g), 
length at spawn (cm), thermal growth coefficient (September – November), total milt production, and motility. Letters represent 
Tukeys HSD homogeneous groups. 
Maturation 
Salinity 
(psu) Weight (g) Length (cm) TGC 
Total Milt 
(mL) Motility (%)  
Concentration 
(sperm·mL-1) 
Trial 1       
10 361.83 ± 169.06 29.2 ± 4.09 0.17 ± 0.10a 3.03 ± 2.23a 39.44 ±   4.16a 5.20·1010 ± 1.73·1010 ab 
20 565.03 ± 333.13 27.5 ± 3.24 0.14 ± 0.22a 2.85 ± 1.03a 38.61 ± 11.47a 2.20·1010 ± 2.16·10 9 b 
30 332.10 ±   90.18 28.8 ± 0.62 0.26 ± 0.18b 2.97 ± 1.36a 47.85 ±   7.90b 7.13·1010 ± 4.50·10 9 a 
Trial 2       
10 335.87 ± 126.75 28.5 ± 3.63 0.68 ± 0.19a 2.95 ± 1.48a 55.97 ± 6.13a 3.80·1010 ± 4.32·10 9 a 
20 290.27 ±   62.38 27.7 ± 2.36 0.90 ± 1.04a 3.83 ± 0.74a NA 8.47·1010 ± 1.92·1010 a 






Individual sperm activation profiles obtained using CASA were 
significantly different among treatments for the first trial (F2,160 = 15.61 p < 
0.001) where there was a tendency for increased motility with increasing 
maturation salinity but this trend was not found during comparison of males in the 
second trial where differences were not statistically significant (F1,160 = 0.83, p = 
0.36; Fig. 2.2). The trend of a higher motility in groups maturing at higher salinity 
observed using individual sperm data was not reflected in the analysis of the 
motility profiles of the pools of sperm prepared for each salinity treatment. 
Motility profiles did not differ among treatment in the first trial (F2,60 = 0.79, p = 
0.46), but differed among treatment in the second (F1,49 = 24.38, p < 0.001), with 
a higher motility in the 10-psu group compared to the 30-psu group.    
There was a significant interaction between maturation salinity and 
activation osmolarity for both trials (1: F18,160 = 3.62, p < 0001; 2: F18,140 = 5.52, p 
< 0.001) but no easily interpretable pattern of interaction between these two 
variables (Fig. 2.2). All sperm samples showed a minimum activation salinity of 









Figure 2.2 Sperm Activation profiles (Mean ± SE motility percentage following activation in different osmolarity media) for sperm 
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10 psu (n = 3)
20 psu (n = 3)
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Figure 2.3 Sperm Activation profiles (Mean ± SE motility percentage following activation in different osmolarity media) for pools 
























































2.3.3.3 Fertilization and hatch rates 
Large volume fertilization rates differed significantly among treatments in both 
trials (1: F2,28 = 41.36, p < 0.001; 2: F1,10 = 53.86, p < 0.001) and averaged 42.31 ± 
26.58%. Female weight was not significantly correlated with fertilization rate in the first 
trial, however, the relationship was slightly negative (r = -0.12, p = 0.45). Female weight 
was positively correlated with fertilization rates for the second trial (r = 0.73, p = 0.002). 
In the first trial, the 20 and 30 psu groups were homogenous (average fertilization rate = 
47.58%, p = 0.20) and had a significantly higher fertilization rate than the 10 psu group 
(average = 9.22%, p < 0.001). Similarly, the fertilization rate of the 10 psu group was 
significantly lower than that of the 30 psu group in the second trial (10 psu average: 
18.05, 30 psu average: 72.26%, p < 0.001). 
Large volume hatch rates differed significantly among groups for both trials (1: 
F2,54 = 352.99, p < 0.001, 2: F1,22 = 9.51, p = 0.005). They were highest in the 30 psu 
groups (12.93% ± 10.46) and only averaged 0.37% ± 0.78 in the 20 and 10 psu groups 
which were homogeneous. In the latter groups, eggs sank and accumulated at the bottom 
of incubators due to negative buoyancy. Only one of six spawns for the 20 and 10 psu 
groups produced hatched larvae (female 15; 20 psu), and even in that spawn the hatch 
rate was only 2.26%.  
Small fertilization trials yielded slightly lower fertilization rates than large volume 
trials (average small volume 31.45%, average large volume 42.31%) but higher hatch 
rates (average small volume 14.52%, average large volume 6.65%). In both trials, there 
was a significant effect of maturation salinity and incubation salinity on fertilization rate 
(Trial 1: maturation salinity F2,69 = 208.82, p < 0.001; incubation salinity F2,69 = 250.67, 
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p < 0.001, Trial 2: maturation salinity F2,48 = 19.21, p < 0.001; incubation salinity F2,48 = 
118.71, p < 0.001) and the interaction between the two factors was significant (Trial 1: 
F4,69 = 41.64, p < 0.001, Trial 2: F4,95 = 16.30, p < 0.001). In both trials, fertilization rates 
were similar in the 20-psu and 30-psu media for all maturation salinity groups and were 
much higher than fertilization rates obtained in the 10-psu incubation medium (Figure 
2.4a and c). The 10-psu maturation salinity group had lowest fertilization rates in all 
fertilization media while the 20 and 30 psu maturation salinity-groups were homogeneous 
and had substantially higher fertilization rates in all fertilization media (Figure 2.4a and 
c). The interaction reflected different magnitudes of the differences between the 10-psu 
maturation groups and the 20 or 30 psu maturation groups when fertilizations were 
carried out at 10, 20, or 30 psu (Fig. 2.4 a and c), but the ranking of the maturation 
salinity groups described above was not affected by the salinity of the fertilization 
medium. 
 The hatch rates were significantly affected by the salinity of the incubation 
medium in both trials (Trial 1: F2,95 = 211.58, p<0.001, Trial 2: F1,48 = 21.77, p < 0.001, 
Fig. 2.4). Hatch rates were similar in the 20 and 30 psu incubation media but were 
extremely low when incubation occurred at 10-psu (Fig.2.4b and d). 
Maturation salinity only significantly affected hatch rate in trial 1 (F2,95 = 119.69, 
p < 0.001), and there was also an interaction between the two factors in this trial (F4,95 = 
31.23, p < 0.001). All maturation salinity groups had near zero hatch rates when 
incubation occurred in a 10-psu incubation medium, but incubation treatments were more 
contrasted (amplification of differences among groups) in incubation media prepared at 






Figure 2.4 Mean ± SE of fertilization rates (a) and hatch rates (b) obtained during the 
first trial and fertilization rate (c) and hatch rate (d) obtained during the second trial in 
triplicated fertilizations performed in small volumes at □ 10 psu (1: n = 5; 2: n = 3), ■ 20 
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In the second trial, the eggs from females matured at 10 psu showed slightly 
lower hatch rates than eggs from females matured at 30 psu (Fig. 2.4d), but the difference 
was not significant (F1,48 = 3.07, p = 0.09) and the interaction between maturation and 
incubation salinities was not significant either (F2,48 = 0.83, p = 0.44).  
 
2.4 Discussion 
In this experimentCroaker captive Atlantic Croaker males and females matured to 
reach advanced stages of oogenesis and spermatogenesis but did not spontaneously 
complete the final phases of oocyte maturation or spawn. The effects of salinity on 
reproductive parameters were therefore studied by (i) assessing the development of 
gametes during the pre-spawning period in males and females in different salinity 
treatments, and (ii) assessing the quality and viability of gametes produced by males and 
females in the different groups during in vitro fertilization trials following hormonal 
induction of final gamete maturation.  
 
2.4.1 Effects of Salinity on Pre-induction Gamete Maturation 
Ovarian biopsies taken at the initial biometry (September 27) revealed that 
oocytes had already reached advanced maturation stages (late vitellogenesis, stage I or II 
of Zarski et al., 2011) in females in all groups and that spermiation was already occurring 
in males in all groups as well. These results show that gametogenesis initiated and 
progressed to advanced stages in both sexes early in summer when Atlantic Croaker are 
found in an estuarine, low salinity environment in the wild. Further, monitoring of 
gamete maturation during the fall showed moderate progression in female maturation 
 
42 
with the majority of females found at stage II at the induction date while only 8 females 
reached stage III or IV; this progression was not affected by the salinity treatments 
applied. These findings indicate that gamete maturation can be conducted at all salinity 
conditions tested in this experiment with males and females reaching a stage compatible 
with hormone-induced spawning. Factors preventing final maturation and spontaneous 
spawning in captivity without the use of exogenous hormonal treatment remain unknown 
but do not seem to be solely related to culture salinity. 
 
2.4.2 Effects of Salinity on Final Gamete Maturation, Gamete Quality and 
Fertilization Success 
2.4.2.1 Final oocyte maturation and ovulation 
Fecundity was lowest (< 90,000 eggs.kg-1) in spawns obtained from 10 psu 
females indicating that most of the oocytes were not competent and did not respond to 
hormonal induction (Bardon-Albaret and Saillant, 2014) in this group. Inhibition of 
oocyte maturation and ovulation at low salinity also was reported in other marine 
euryhaline species that spawn offshore such as the European seabass (Stequert, 1972) and 
the black seabream (Haddy and Pankhurst, 2000). Fertility of the spawns obtained from 
females in the 10-psu group was lower in all three media salinities tested for fertilization 
further suggesting that acquisition of competence for fertilization during final maturation 
was impaired for most females in this group. Two females in the 10 psu group yielded 
larger spawns (125,000 and 132,000 eggs respectively), one with a fertilization rate of 
36%. This result suggests that some females are capable of completing maturation and 
produce viable eggs at the low salinity (10 psu) treatment tested in this study. It would be 
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interesting to evaluate if the potential adaptation for final maturation at low salinity 
observed in these two females is heritable and could be selected in a strain adapted for 
reproduction at low salinity. Oocytes for the female that produced fertilized embryos had 
reached stage II at the time of hormonal induction. Thus, the greater success for this 
female could not be predicted based on the assessment of oocyte stage completed in the 
study. Monitoring of additional indicators of spawn quality including maternal RNAs in 
ovaries and ova (Bobe and Labbe, 2010; Crespo et al., 2019) would be interesting to 
improve the prediction of spawning success, especially in conditions where maturation 
and spawning are impaired such as in the 10 psu treatment.  
In contrast, females acclimated at 20 or 30 psu showed a higher rate of ovulation 
in response to induction and higher fecundity, indicating that oocytes had reached a 
maturity stage compatible with induction to produce fertile spawns. The 30 psu treatment 
was consistent with known salinity of wild habitats used by Atlantic Croaker for 
spawning (Croaker Technical Task Force, 2017b). The 20 psu treatment, interestingly, 
led to slightly higher fecundity and fertilization rate suggesting that this salinity may be 
optimal for final maturation up to ovulation and fertilization. The 20 psu treatment may 
correspond to the intermediate salinity found in waters of the outer Mississippi Sound 
close to the Atlantic Croaker’s actual spawning habitats. A practical implication of these 
results is that hormonal induction can be completed at 20 psu to produce fertilized 
spawns. To save on salt, it may be possible to maintain fish at an even lower salinity 
through the end of the maturation period and raise salinity shortly before hormonal 
induction. The feasibility of such a protocol needs to be formally tested. In particular, 
considering the poor results at 10 psu, an augmentation of salinity immediately prior to 
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induction may not be suitable and the duration of the period at 20 psu prior to induction 
would thus require experimental determination. 
 
2.4.2.2 Sperm production and motility 
Sperm activation profiles were similar for all three groups and showed highest 
motility percentages at high salinity (1,000 mOsm, which is close to the osmolarity of 30 
psu water) and a minimum osmolarity for activation between 300 and 400 mOsm (close 
to our 10 psu salinity treatment). The low fertilization rates obtained in the 10 psu 
medium is consistent with the minimal motility recorded at 300 mOsm for all groups. 
Reduced motility and fertilization at low salinity also was reported in coastal fish 
spawning offshore in high salinity habitats such as the striped mullet (Mugil cephalis, 
Tamaru et al., 2007) and the lebranche mullet (Mugil liza, Magnotti et al., 2018). 
Magnotti et al. (2018) showed that motility duration also was reduced at low salinity. 
This study did not analyze motility duration, but it is possible that reduced motility 
duration at low salinity may have contributed to impaired fertilization in low salinity 
media. Motility duration would therefore be worth recording in future studies. 
The finding of similar sperm activation profiles for all salinity groups contrasts 
with results obtained by Tiersch and Yang (2012) who showed that the maximum 
activation salinity of the sperm of another coastal euryhaline fish, Fundulus grandis, was 
lower in specimens acclimated to low salinity. Their results suggested that this trait was 
plastic; allowing males to adjust fertilization potential to the environmental salinity. The 
present results suggest that Atlantic Croaker lack this plasticity, which is consistent with 
the more limited fluctuations of salinity in their natural offshore spawning habitat.  
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The volume of sperm obtained during stripping was similar among salinity groups 
and concentrations showed no consistent pattern of association with salinity indicating 
that salinity had minimal effects on sperm production. This finding contrasts with the 
observation of reduced final maturation and fecundity of females and indicates 
particularly that the final phases of maturation and sperm production were not disrupted 
in the 10 psu treatment.  
In another euryhaline fish, the European flounder Platichthys flesus, populations 
spawning in low salinity habitats appear to produce more spermatozoa than populations 
using higher salinity habitats (Nissling and Larsson, 2018). These findings were 
interpreted by the authors as a genetic adaptation of populations using low salinity 
habitats to compensate for a reduced fertilization rate in these conditions. Genetic 
adaptation to salinity conditions also was suggested in the invasive round goby 
(Neogobius melanostomus) in the Baltic Sea, where activation profiles differed among 
populations and reflected salinity conditions in the origin habitat of a population (Green 
et al., 2019). The present results suggest that the Atlantic Croaker population sampled in 
our broodstock has evolved to produce motile sperm in a broad range of salinity 
conditions but the spermatozoa activation and fertilization potential is limited to high 
salinity media.  
The implication of these findings for Atlantic Croaker aquaculture is that salinity 
does not influence sperm production or the optimal salinity for activation of motility and 
thus males could be held at 10 psu to save salt and still produce milt with high 




2.4.2.3 Oocyte fertilization potential 
Oocyte activation and fertilization potential was assessed only indirectly through 
fertilization trials. In this study, trials were conducted in large volume at the acclimation 
salinity of the parents and in small volume at the three salinities tested to determine if 
acclimation salinity had an influence on the fertilization potential in fertilization media 
prepared at different salinities. Results of large and small volume fertilization were 
consistent in that the rankings between treatments were preserved. Fertilization rate was 
very low or zero for females of all groups when the fertilization medium was at 10 psu 
which was predicted by the low sperm motility at 300 mOsm in all groups. Fertilization 
was highest at 20 psu and very close to results at 30 psu. These results indicate that 
fertilization can be performed at 20 to 30 psu for all acclimation salinities.  
 
2.4.3 Viability to Hatch 
Viability and fitness of embryos was evaluated through the hatch rate of fertilized 
eggs which reflects the embryonic mortality rates. Embryonic mortality, which is 
measured as the difference between hatch rate and fertilization rate, was higher in the 
10 psu maturation group (93% as opposed to 78% and 82% in the 20 and 30 psu groups, 
respectively) reflecting that not only fertility was low in that group as discussed above, 
but that subsequent viability to hatch was also impaired. Embryonic mortalities are 
largely determined by egg quality and mostly occur before the mid-blastula transition 
when embryonic RNA relay maternal RNAs (Bobe and Labbe, 2010). Accordingly, low 
quality eggs are often characterized by deficient maternal RNAs (Albaret, 2014; 
Chapman et al., 2014). It would be interesting to monitor the transcriptome of ova and 
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embryos produced by females matured and spawned at low salinity to determine the 
pathways altered at low salinity leading to low viability to hatch.  
Another component of fitness studied in this work is the buoyancy of embryos. 
Embryos with reduced buoyancy would be expected to sink and leave surface waters 
where the pelagic plankton newly hatched larvae feed on is abundant. In aquaculture 
tanks, negatively buoyant larvae may sink to the bottom of tanks which is prone to 
fouling and development of high bacterial load; batches of sinking embryos and newly 
hatched larvae typically experience high mortality before first feeding (Gigli, 2019). 
Alternatively, larval yolk reserves and early swim bladder inflation may be enough to 
counter act any buoyancy issues. In this study, the neutral buoyancy salinity was 25 psu 
for all groups indicating that embryos incubated at salinity lower than 25 psu would be 
expected to sink and therefore have low survival potential (Unuma et al., 2005). Indeed, 
groups incubated at 20 psu and lower showed much reduced hatch in large volumes. 
These results indicate that, while fertilization may be performed at 20 psu, incubation 
needs to be performed at 25 psu or higher to avoid negative buoyancy. The change of 
buoyancy post-hatch until larvae can actively swim and maintain themselves in the water 
column using their swim bladder remains to be documented. The lack of effect of 
maturation salinity on neutral buoyancy salinity of embryos in this study contrasts with 
the results of Kucera et al. (2002) who found that female maturation salinity impacted 
neutral buoyancy salinity with females acclimated at low salinity producing eggs with 
lower buoyancy values. Spotted seatrout spawn in nearshore habitats that can include 
areas of lower salinity and may have developed the ability to regulate the buoyancy of 
their eggs in response to environmental conditions while Atlantic Croaker more 
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consistently migrate to high salinity habitats to spawn and may lack this ability.  Note 
that the lack of adjustment of neutral buoyancy of eggs is consistent with the lack of 
adjustment of sperm motility profiles as well as overall absence of plasticity of gamete 
and fertilization parameters. 
 
2.4.4 Growth 
Growth rate differed significantly among salinity treatments across the trial 
period. For all time periods, growth was faster for broodstock maintained at 30 psu. The 
10 psu treatment tested salinity closest to isosmotic conditions (~12 psu) and was 
expected to minimize feed conversion rate due to reduced energy needs to adjust osmotic 
balance. Lower conversion was expected to lead to faster growth rates at low salinity in 
this experiment because fish were fed the same feeding rate in all groups. Other 
mechanisms therefore must have contributed to increase growth rate in the higher salinity 
groups. Fast growth was reported in the European seabass (Saillant et al., 2003) after 
transfer of juveniles from low salinity (close to iso-osmotic conditions as in this study) to 
high salinity and was hypothesized to be stimulated by an increase in the production of 
growth hormone at high salinity as growth hormone is involved in the differentiation of 
seawater-type chloride cells in branchial epithelia during adaptation to saltwater 
(Sakamoto and McCormick, 2006). This possible stimulation of growth hormone in the 
20 and 30 psu groups was expected to be transitory during the increase in salinity phase 
in these treatments and be more pronounced at 30 psu, the highest salinity treatment. This 
hypothesis is consistent with the faster growth recorded in the 30 psu group and 
intermediate growth in the 20 psu group. To the longer term, the stimulation of growth 
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hormone is not expected to be maintained and the 10 psu group would therefore be 
expected to show faster growth due to lower conversion rates, because of reduced energy 
needs for osmoregulation. The growth period tested (two months) was relatively short 
and may have been of insufficient duration to reveal the growth advantage at low salinity 
following the transitory stimulation of growth hormone in the high salinity groups. 
Extending the exposure to low and high salinity would be interesting to determine if 
conversion and growth rates are indeed improved in iso-osmotic conditions. 
Measurements of growth hormone levels in groups transitioned to higher salinity would 
also be of interest to test the hypothesis of a stimulation of growth associated with 
adaptation to saltwater. 
 
2.5 Conclusion 
While gamete production and maturation proved possible at 10 and 20 psu, this 
study showed that low salinity cannot be maintained throughout the maturation cycle and, 
in particular, during spawning and incubation. Increasing salinity, to at least 20 psu, for a 
short period prior to spawning would likely improve gamete quantity and quality. 
Salinities of 25-30 psu are likely required for incubation to prevent negative buoyancy 
and associated mortality regardless of maturation salinity. Maintaining broodstock at 
lower salinities year-round would significantly decrease salt cost for Atlantic Croaker 
production even if salinity needs to be raised during the final maturation steps and 
incubation.  
One female appeared to respond to hormonal induction with the production of a 
relatively large and fertile spawn at 10 psu suggesting that some females may be able to 
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adapt to low salinity culture and complete the reproductive cycle in these conditions. The 
origin of this adaptation (genetic or other) deserves further investigation to determine if it 
is possible to establish broodstock compatible with spawning at low salinity in the 
northern-central Gulf region and other areas where high salinity water is not available 
from the natural environment. Additionally, these findings suggest looking into low 
salinity larviculture, which would further reduce the needs for high salinity water for 
culture and associated costs. 
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CHAPTER III – SALINITY TOLERATION AND ONTOGENY OF 
OSMOREGULATORY CAPACITY 
3.1 Introduction 
Most marine teleosts hatch as rudimentary larvae that undergo major ontogenetic 
changes during the first few weeks of life when they progressively acquire the organs and 
adaptations of the adult (Falk-Petersen, 2005). The capacity of larvae to achieve some of 
the basic biological functions such as osmoregulation may therefore differ from that of 
the adult during this period because adult organs involved in the process are still missing. 
These differences in osmoregulatory capacity, when they occur, may be associated with 
an ontogenetic shift in habitat use where larvae and adults occupy habitats characterized 
by different salinity conditions (Varsamos et al., 2005). 
Atlantic croaker is a marine estuarine-dependent teleost that migrates to spawn in 
offshore waters where the salinity is high, typically close to 30 psu or higher in the Gulf 
of Mexico, and shows moderate variations over time (Croaker Technical Task Force, 
2017b; Sink, 2011). Newly hatched larvae drift in these waters to reach estuaries and 
bays where salinity is low due to the strong influence of freshwater outflows. Atlantic 
croaker post-larvae and juveniles will develop in these brackish habitats until adulthood 
(Croaker Technical Task Force, 2017). Croaker embryos and newly hatched larvae need 
to be able to maintain their internal ion and water content in the face of a relatively 
constant hyperosmotic external environment. As these larvae reach coastal waters, they 
need to acquire the capacity to regulate their ion and water balance in low-salinity waters 
and adapt to more pronounced and rapid salinity changes. In Mississippi, the salinity of 
coastal waters can be as low as a few psu and could therefore require adaptations needed 
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to regulate in a hypo-osmotic environment. The duration of the pelagic larval drift in 
Atlantic croaker, in particular the age and developmental stage at which larvae reach 
areas under the influence of freshwater, are not exactly known.  Atlantic croaker larvae 
are found in estuarine habitats at sizes as small as 20 mm (Overstreet and Heard, 1978) 
corresponding to ingress ages ranging between 30 and 90 dph depending on the date of 
spawning (Croaker Technical Task Force, 2017). Cowan and Shaw (1988) suggested 
larvae entered estuaries primarily in spring in Louisiana and estimated that the duration 
of larval transport from offshore to coast was on average approximately 65 days. More 
recently, Kupchik and Shaw (2016) suggest that croaker encounter the coastal boundary 
zone approximately 40 days post-hatch based on otolith microstructure measurements. 
This transition to low and variable salinity waters may occur within the larval 
development period because the development to fully metamorphosed post-larvae already 
takes over 40 days in captivity at warm water temperature (over 23 C for most of the 
culture period; Lemus et al., 2014; GCRL unpublished results) that likely exceed the 
temperature encountered by larvae in the wild by several degrees. However, empirical 
data are lacking and needed to assess the tolerance of Atlantic croaker larvae to low 
salinity. 
Atlantic croaker larvae initially osmoregulate in a hyperosmotic environment 
(offshore spawning grounds) and, as they move to lower salinity waters, deal with 
isoosmotic or even hypoosmotic conditions. Seawater species maintain their water 
balance by actively drinking and absorbing water through the digestive tract which is a 
major component of osmoregulation in saltwater. The regulation of water and ion 
absorption by the intestine in larvae is not well documented, but there is evidence that 
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marine larvae drink and absorb water through the intestine (Giffard-Mena et al., 2006; 
Varsamos et al., 2004; Yaacob et al., 2016). The kidney and urinary bladder also are 
major contributors to osmoregulation through the production of urine. Juveniles and 
adults actively regulate the ion concentration of urine although this is not established in 
larvae. The kidney and urinary bladder appear within a few days of hatch in most species 
although the exact age depends on the overall somatic developmental rate. The initial 
kidney is a rudimentary pronephros that initiates development and complexification 
(glomerulization) within days of hatch and could fulfill the osmoregulatory role of the 
excretory system also at very early developmental stage. Gills have a major role in ion 
exchange and regulation. The developmental timing of gill arches varies between species 
and has been reported as early as 3 dph in red snapper (Falk-Petersen, 2005; Saillant et 
al., 2014), although in species developing at lower temperature such as the Atlantic 
croaker, this developmental step is likely occurring at an older age.  
Osmoregulation employs chloride cells that contain ion transport proteins such as 
the NA+/K+-ATPase in close proximity to mitochondria (Evans et al., 2005; Seo et al., 
2015). These cells are critical to osmoregulation as the ion transport proteins they feature 
allow them to exchange ions against the concentration gradient via active transport which 
is critical when coping with hyper- or hypoosmotic external environments that require 
moving ions into or out of the body. Chloride cells have been detected in newly hatched 
larvae, in particular, at the periphery of the yolk sack (Blondeau-Bidet et al., 2019; Pérez-
Robles et al., 2016; Varsamos et al., 2005). Following hatch and the rapid absorption of 
the yolk sac, chloride cells differentiate in the integument of the larva and finally in the 
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developing gills. Their detection is potentially valuable when assessing the functionality 
of osmoregulatory organs. 
Documentation of the ontogeny of osmoregulatory organs and the distribution of 
chloride cells would therefore provide information on the capacity of developing larvae 
to tolerate low salinity water. However, considering the challenges assessing the actual 
functionality of embryonic and larval osmoregulation organs, empirical trials transferring 
larvae to low salinity at different ages would provide the most reliable information on the 
fitness of larvae at low salinity. This information would be valuable in order to determine 
the feasibility of reducing the duration of the larval culture period that needs to be 
conducted at high salinity and reducing production costs associated with culture in high 
salinity water.  
This chapter therefore aims to determine the fitness of Atlantic croaker larvae in 
different salinity environments at different developmental stages using transfer 
challenges. A second question is whether the ontogeny of organs involved in 
osmoregulation can predict accurately the osmoregulatory capabilities of larvae and their 
fitness at low salinity. I hypothesize that the tolerance to salinity reduction will increase 
during larval development, consistent with the transition of Atlantic croaker larvae in the 
wild from high salinity offshore habitats to low and variable salinity in inshore and 
estuarine habitats. I also hypothesize that the development of osmoregulatory organs 
including the digestive tract, the kidney and urinary bladder and the gills as well as the 
abundance and location of chloride cells correlate with the tolerance to salinity change. 
This chapter aims to examine these hypotheses through series of salinity challenges on 
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larvae at different ages post hatch and by documenting the ontogeny of larvae using 
histology and immunohistochemistry. 
 
3.2 Methods 
3.2.1 Experimental Design 
Larvae procured through a tank spawn of Atlantic croaker broodstock acclimated 
to 30 psu were reared in six 1,000-L replicate recirculating tanks throughout ontogeny. In 
three of the 6 culture tanks (group low salinity, LS) salinity was gradually lowered by 0.5 
psu per day beginning at 22 dph until salinity reached 15 psu. The other three tanks 
(group high salinity, HS) were maintained at 30 psu until 67 dph. 
At 1, 5, 12, 18, and 25 dph, larvae were randomly sampled from the HS tanks and 
transferred to beakers pre-filled with water at one of 4 treatment salinities. The 4 tested 
salinity treatments were 2psu, 10 psu, 20 psu, and 30 psu and were assessed in triplicates. 
Larvae were not fed post transfer and were monitored every 6 hours for 3 days or until all 
larvae died. The chosen salinity levels reflected salinities experienced by larvae 
throughout ontogeny in the wild with the 30 psu treatment serving as control (no change 
in salinity). The interval between trials was meant to leave sufficient time to assess the 
viability of larvae post-transfer. Samples of larvae were preserved in 10% Neutral 
Buffered Formalin immediately before initiating each of the challenge transfers (n >10 






3.2.2 Broodstock Management and Husbandry 
Broodstock were selected among the standing TCMAC broodstock maintained as 
described in Chapter II except that salinity was maintained at 11.17 ± 1.01 psu 
throughout the spring and summer and raised to 30 psu one month prior to the anticipated 
spawning date. The photothermal cycle was adjusted to follow a natural cycle slightly 
shifted to allow spawning in early October 2018. Because the spawning attempt in 
October led to spawns with low viability, the stock was maintained at spawning 
temperature and photoperiod and spawning was repeated on January 10, 2019 to produce 
the embryos used in the experiment. 
 
3.2.3 Hormonal Induction, Spawning, and Spawn Selection 
Broodfish were evaluated prior to hormonal induction as described in chapter II. 
Females were selected for spawning based on size (less than 2.5 lbs, more than ½ lb), 
spawning history (no more than 2 prior spawns in captivity), and prematuration stage 
(stage I or II in Zarski’s maturation scale described in chapter II). Males were selected for 
spawning if they were between 0.5 and 2.5 lb and released milt spontaneously following 
the application of pressure to the flanks. Six females and five males were selected and 
received a LHRHa slow-release implant at a dose of 41.67 ± 11.79 mg for females and 
25.00 ± 0.00 mg for males. Induced fish were placed in a 10-ft diameter spawning tank 
and monitored for spawning. Upon detection of spawn, eggs from spawning events were 
concentrated in a side egg collector that collects surface water in a dual drain design 
(Timmons et al., 1998) and transferred to incubators. Methods for incubation, assessment 
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of fertility, and hatching rate followed protocols described in chapter II (large volumes 
fertilization and incubation).  
 
3.2.4 Larval Rearing 
Eggs were incubated at a density of 1 egg·mL-1 until 24 hours post-hatch, then 
stocked in 6, 1-m3 larval rearing tanks at a density of 30 larvae·L-1. Larvae were reared 
according to protocols described by Lemus et al. (2014). Feeding began at 3 dph with 
rotifers (Brachionus spp.) twice daily. The smaller size fraction of rotifers (<100 m) was 
selected from the rotifer population for the first few feedings to ensure feed was small 
enough for the newly feeding croaker larvae. Rotifers were enriched with Selco S.presso 
(INVE Aquaculture, Salt Lake City, Utah). During rotifer feedings algae paste (RotiGrow 
Nanno, Reed Mariculture) was added to each tank to maintain a slight tint to the water 
(density 37,500 cells·mL-1). Brine shrimp (Artemia spp.), enriched with Easy DHA Selco 
(INVE Aquaculture, Salt Lake City, Utah) were given when larvae reached 7 mm Total 
length (23 dph), at which date larvae were progressively weaned off rotifers over an 18-
day period. Artemia feeding was decreased progressively beginning at 37 dph and 
discontinued at 45 dph. Live feed residuals were assessed prior to each feeding by taking 
5, 1 mL water samples around the tank using a plastic tube (1.5 m long, 1 cm diameter) 
which samples the entire water column. Rotifer or Artemia concentration was estimated 
from the average counts recorded in the 5 samples. Larvae were weaned onto Gemma 
Wean (Skretting) pelleted dry feed which was first offered at 35 dph. Dry feed was 
dispersed around the tank using hand feeding prior to offering Artemia during weaning 
and subsequently offered continuously using belt feeders supplemented by hand feeding. 
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The ration was gradually increased and pellet size was adjusted to match mouth gape as 
larvae grew. Temperature, water turnover rates, types of feeds and feeding rates are 
detailed in Appendix A. Feeding was adjusted based on the consumption of the larvae as 
inferred from residual prey counts. 
The 6 larval rearing tanks (1000 L tanks; diameter = 1.13 m; height = 1 m ) were 
connected to two separate recirculating systems each supporting 3 of the tanks. After 20 
days of larval rearing, salinity was gradually reduced (0.50 psu per day) in one system to 
15 psu  and was subsequently maintained at that salinity. The second system was 
maintained at 30 psu until 67 dph at which age salinity was reduced to 15 psu over an 11-
day period. In all tanks, temperature initially matched the spawning temperature (20 ºC), 
then was progressively increased beginning at 17 dph to reach 27 ºC and was 
subsequently maintained at this value until the end of the trial. The photoperiod was set at 
24 hrs light throughout the experiment. The light source was a LED white set to deliver 
an intensity of 300 lux as measured at the surface of the tank.  
 
3.2.5 Samples and Measurements 
Temperature, salinity and dissolved oxygen in each tank were measured daily 
using a YSI multiparameter probe. Each system was checked weekly for ammonia, 
nitrite, nitrate, and alkalinity levels measured using test kits (Hach).  
Biometry and assessment of gamete maturation status was performed immediately 
before selecting fish for spawning. Weight and length were measured to the nearest g and 
mm, respectively and health status was assessed visually. The maturation status of males 
and females was assessed as described in chapter II to select fish for spawning. Larvae 
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were collected at 0, 5, 9, 12, 18, 25, 37, and 79 dph and measured for total length under 
anesthesia using a dissecting microscope fitted with a ProgRes C5 camera (Jenoptik, 
Huntsville, AL). ProgRes software was used to measure the larvae in pictures. Mouth 
gape measurements were also taken at times nearing feed transition to decide the exact 
timing of these transitions. Sample sizes were 15 per larval rearing tank at 5, 9, 12, 18, 
25, and 37 dph, 20 per tank at 79 dph, and 20 newly hatched (day 0) larvae per 
incubator.. Additional sampling at 0, 5, 12, 18, and 25 dph included 360 larvae for 
salinity challenges and another 20 for histology and immunohistochemistry. The post-
larvae in each tank were counted manually under anesthesia at 79 dph. 
 
3.2.6 Histology and immunohistochemistry 
Larvae were euthanized using 100 ppm MS222 and immediately fixed in 10% 
Buffered Formalin for up to 24 hours in tissue cassettes. Following fixation, samples 
were washed for three hours in water and placed in 70% ethanol for storage until 
processing. Samples were dehydrated by immersion in ethanol of increasing grades (5 
min baths of 70%, 80%, 90%, 95% twice, and 100% ethanol twice) and then placed in 
Synthetic Xylene for a minimum of 24 hours. Paraffin embedding followed by placing 
individual larvae into a 50/50 Xylene/Paraffin mix on heat (70 ºC) for half an hour 
followed by a 100% Paraffin bath at 70 ºC for 40 minutes. Larvae were then set into 
molds pre-filled with 70 ºC paraffin. Molds were then cooled to form blocks for 
sectioning at 5 m. Sections mounted on slides were cleared of paraffin by immersion in 
xylene and rehydrated. Rehydrated slides were stored in wash buffer (TBS with Tween 
20) until staining. Detection of NA+/K+ ATPase to highlight chloride cells employed a 
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specific antibody targeting the Na+ K+-alpha subunit; antibody registry IUD AB_2166869 
[DSHB University of Iowa] with a Goat anti-Mouse IgG1 Cross-Adsorbed Secondary 
Antibody, HRP conjugate as secondary antibody [ThermoFisher]. Detection employed 
the Pierce™ Peroxidase IHC Detection Kit (ThermoFisher) using the manufacturer’s 
protocol. This protocol employed a Metal-Enhanced DAB substrate kit that enhances 
sensitivity reducing the antibody concentration needed for staining (ThermoFisher). The 
primary and secondary antibody concentrations used were 0.38 µg·mL-1 and 1 µg·mL-1 
respectively.  
Chloride cell concentration and distribution throughout the body were assessed 
using a compound light microscope fitted with a ProgRes C5 camera. Pictures taken were 
used to describe the presence and/or degree of development of gills, kidney, urinary 
bladder and digestive tract and assess the presence and abundance of chloride cells in the 
skin, gills, and digestive tract. 
 
3.2.7 Statistical Analysis 
The distributions of larval survival duration (time at death for each individual 
larva) post-transfer to challenge salinity were compared between groups transferred to 30, 
20, 10, or 2 psu using a 3-factor hierarchical analysis of variance (Sokal and Rohlf, 1995) 
with salinity and age treated as fixed factors, crossed, and replicate beaker as a random 
factor nested in the salinity by age interaction. Normality and homoscedasticity were 
tested using Shapiro-Wilk’s and Levene’s tests respectively before Anova. Data were 
transformed as needed to improve these two parameters. Treatments were a posteriori 
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classified using Tukey’s post-hoc comparisons. Computations were implemented in R 
(version 1.2.5033).  
Length data obtained at different ages (dph) were analyzed using a two-way 
hierarchical Anova accounting for the random effect of larval tank, nested in salinity 
treatment (HS versus LS). Survival through larval rearing was analyzed using a one-way 
anova accounting for the fixed effect of salinity treatment. 
 
3.3 Results 
3.3.1 Broodstock Husbandry 
  The six females and five males introduced in the spawning tanks and induced 
with LHRHa weighed 829 ± 197.28 g (females) and 339.33 ± 298.59 g (males). Spawns 
were collected 2, 3, 4, 5, and 6 days post-induction, respectively. Spawn parameters 
(fecundity and hatch rate) are reported in Appendix 3.1. The spawn used to stock the 
larval rearing trial was collected 4 days post-induction and included 400,000 eggs with a 
73% hatch rate. 
 
3.3.2 Larval Rearing 
Both larval rearing systems were maintained at 19.47 C for the first 16 days of 
rearing (Figure 3.1). The LS system was warmer than the HS system by an average 
1.69 ºC for the first 3 days of culture, after this period the two systems were within 0.38 
ºC. Water temperature then progressively increased to 27 ºC which was reached at day 66 
dph (Figure 3.1, Appendix F). DO was maintained above 80% saturation through the 
experiment and pH remained between 7.00 and 9.00 in all tanks. Ammonia, nitrite and 
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nitrate levels were maintained below 0.25, 1.0, and 50 mg·L-1 respectively in all tanks 
through the experiment. Two replicate tanks (one in each system) observed major 
mortality during initial phases of the trial and were fed at lower rate than the other tanks 
beginning at 9 dph (appendix E).  
 
Figure 3.1 Daily temperatures (C) for the high salinity (HS; black) and low salinity (LS; 
grey) culture systems (Mean among threes tanks ± SE) during the experiment. 
 
Due to the very low survival post hatch in tank 2 (HS group), larvae from this 
tank could not be sampled and measured until harvest. Similarly, larval density in tank 6 
(LS group) observed a major decline after day 5 and could not be captured for 
measurements such that there were only measurements on days 5 and 79 in this replicate 
tank. Further analysis proceeded with the 4 tanks (2 LS tanks and 2 HS tanks) where 
larvae could be sampled. The ANOVA conducted on total lengths revealed significant 
differences between systems (salinity groups) at all time-points except at 37 dph (Table 
3.1). The low salinity system larvae were larger than the high salinity system larvae 
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larger than the low salinity group. The faster initial growth in the LS system may have 
been related in part to the warmer temperature experienced by this system during the first 






Table 3.1 Results of ANOVAs conducted on Total length of larvae sampled in the high and low salinity groups. Mean values for 






(df = 56) 




(df = 1) 
P-value HS 1 HS 2 LS 1 LS 2 
5 14.46 < 0.001 1.56 ± 0.09 1.65 ± 0.06 2.05 0.139 1.53 ± 0.13 1.59 ± 0.05 1.66 ± 0.07 1.63 ± 0.05 
9 5.65 0.021 2.96 ± 0.23 3.10 ± 0.21 0.66 0.522 2.99 ± 0.20 2.93 ± 0.24 3.13 ± 0.23 3.06 ± 0.18 
12 15.82 < 0.001 3.35 ± 0.19 3.56 ± 0.21 0.97 0.385 3.40 ± 0.20 3.30 ± 0.16 3.55 ± 0.18 3.58 ± 0.23 
18 21.20 < 0.001 3.84 ± 0.25 4.19 ± 0.34 3.01 0.057 3.74 ± 0.30 3.94 ± 0.13 4.10 ± 0.38 4.27 ± 0.28 
25 226.23 < 0.001 4.39 ± 0.51 6.28 ± 0.43 17.20 < 0.001 4.81 ± 0.36a 4.02 ± 0.29b 6.13 ± 0.40c 6.42 ± 0.41c 
37 0.01 0.913 11.66 ± 2.13 11.62 ± 1.39 15.51 < 0.001 10.31 ± 1.20a 13.51 ± 1.68b 11.47 ± 1.49ac 11.77 ± 1.27c 











There also was a large variation between replicate tanks within salinity treatment 
(F3,400 = 16.76, p < 0.001) (Table 3.1). The differences among tanks and groups 
potentially reflected in part tank-specific survival and the initial temperature which 
differed between the two systems and potentially compromised conclusions on treatment 
effects:(Survival was lower in the high salinity groups and initial temperature was colder 
in the system housing this group). 
Survival did not differ significantly between treatments (F1,3 = 0.14, p = 0.74).  
 
 
Figure 3.2 Total length (Mean ± SD) during larval rearing (1 – 79 dph) in tanks of the 
high (HS, tanks HS1 ● and HS2 ■) and low (LS, tanks LS1 ○ and LS2 □) salinity systems. 
NS: effect of salinity not significant. 
 
3.3.3 Salinity Challenges 
Survival duration for individual larvae differed significantly among age groups 
(F4,1870 = 294.40, p < 0.001), challenge salinity (F3,1870 = 464.91 p < 0.001), and there was 

























duration also differed significantly between replicates within treatments (F8, 1830 = 2.79, p 
= 0.005). Survival duration slightly decreased between 1 and 5 dph, but then increased 
steadily to reach highest values at 25 dph when 68% of the larvae were still alive at 72 
hrs. All ages differed significantly in survival duration from each other with the exception 
of 12 and 18 dph, which were homogenous (p = 0.84). All salinity treatments were 
significantly different from each other during a posteriori classification (p < 0.001). 
Larvae survived longest at 10 psu followed by 20 and then 30 psu from 12 dph forward 
(Fig. 3.2).  Survival duration was lowest and minimal at 2 psu across all ages. The 
interaction between age and treatment was largely due to an amplification of differences 
between the 2 psu and other treatments in older larvae and a greater amplitude of 
differences among the other three treatments (10, 20 and 30 psu) at older ages (12, 18, 
and 25 dph). Additionally, salinity rankings at 1 and 5 dph differed from those at 12, 18, 





Figure 3.3 Survival duration in hours (mean ± SD) for individual larvae subjected to a 
direct transfer from 30 psu water to either 2 □, 10 ■, 20 ■, or 30 ■ psu media at 1, 5, 12, 
18, and 25 dph. Survival duration data at 25 dph are based on recorded mortality time 
until 72 hours post transfer and are assigned to 90 hours for surviving larvae at that 
point.    
 
3.3.4 Histology 
Histological samples throughout the first month of larval rearing allowed for 
observation of structural changes in Atlantic croaker larvae (Figure 3.3). At 0 dph (Figure 
3.3a) the mouth had not developed, and the larvae still had yolk present (n = 3 larvae). 
The compartmentation of the digestive tract had begun at 5 dph (Figure 3.3b) although 
incomplete (n = 3 larvae; 2 segments visible) and the urinary bladder and pronephros 
tubules were also visible. Gill arches were first observed at 12 dph (3 larvae; Figure 3.3c) 
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with gills fully developed by 18 dph (2 larvae at 18 dph; 1 larva at 25 dph). Na+K+-
ATPase identified chloride cells at the base of gill filaments in controls samples of adults.  
 
Figure 3.4 Histological sections of Atlantic croaker larvae sampled at 0 (a), 5 (b), 12 (c), 
18 (d), and 25 (e) dph. OG: Oil Globule, YS: Yolk Sac, PN: Pronephros, UB: Urinary 
Bladder, M: Mouth, G: Gills, L: Liver, FG: Foregut, MG: Midgut, HG: Hindgut. 
 
 Immunohistochemistry staining to reveal the Na+K+ ATPase on slides featuring 
larval samples was weak or negative even after varying the concentration of primary 
antibody and duration of staining. Positive staining was observed in a few larvae across 
time points and identified cells in the integument across the body surface (1 larva at each 








This study examined the ontogeny of euryhalinity in larval Atlantic croaker 
through direct assessment of larval tolerance to direct transfers to low salinity and 
monitoring of the timing of development of organs involved in osmoregulation using 
histology. A preliminary trial examined culture at low salinity during the late larval 
period.  
 
3.4.1 Tolerance to direct transfer of larvae to low salinity 
The tolerance of larvae to salinity change involves multiple mechanisms 
(modulation of drinking activity and various mechanisms to retain or excrete ions) that 
are difficult to measure directly. For this reason, larvae were directly assessed for 
tolerance to salinity changes from 30 psu, characteristic of their initial natural habitat, to 




age and challenge salinity on larval survival duration post-transfer. Older larvae survived 
longer post-transfer to the challenge beakers indicating increasing tolerance to handling 
and salinity stress as larvae grew older, but also likely longer viability of older larvae 
when deprived of food. At all ages, abrupt transfer to 2 psu resulted in rapid mortality 
(less than 6 hours). The other salinity treatments resulted in similar survival duration 
post-transfer at 1 dph indicating that newly hatched larvae can be transferred to salinity as 
low as 10 psu with minimal effect on viability. As larvae grew older the differences 
among salinity treatments increased and reached a maximal amplitude at 12 and 18 dph. 
At those ages, survival duration was longest when larvae were exposed to 10 psu, 
followed by the 20 psu group and the 30 psu control. Treatments could not be contrasted 
accurately at 25 dph because monitoring stopped at 72 hours post-hatch, but the 
mortalities recorded at that point already indicated that the ranking of the three treatments 
observed at 12 and 18 dph was preserved. The osmolarity of internal fluids for the 
Atlantic croaker is not documented but is likely close to 12 psu as in other teleosts 
(Moser and Gerry, 1989). Accordingly, the 10 psu group was exposed to an environment 
that was very close to iso-osmotic and larvae in that treatment were expected to require 
minimal energy to osmoregulate. The energy needed to maintain ion and water balance 
was expected to increase for the 20 psu group, the 2psu and be highest in the 30 psu 
group based on the difference between osmotic pressure in the water in each group and 
the pressure of larval internal fluids. The findings at 12, 18, and 25 dph suggest that 
osmoregulation activity was limiting survival duration and larvae in the 10 psu group had 
higher fitness because of the lower amount of energy needed to osmoregulate. Gills were 
developing but may not have acquired yet the full osmoregulation functionality and 
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efficiency of the adult organs in particular for excreting excess ions. The urinary bladder 
was present shortly after hatch as in other marine teleosts (e.g. Morretti, 1999; Tytler and 
Ireland, 2000) and a pronephros was visible at 5 dph consistent with findings in other 
teleosts such as the European seabass. However, the functionality of the kidney and 
urinary bladder, in particular the ability to regulate osmolarity through the production of 
hypo- or hyperosmotic urine, could not be assessed in this study. This functionality may 
be acquired later in development as shown in the seabass (Lorin-Nebel et al., 2005). It is 
possible that the differences between salinity groups would become less pronounced at 
later stages once croaker larvae are fully metamorphosed into juveniles with fully 
developed gills and kidney. Evaluating the tolerance to salinity challenges of early 
juveniles is therefore warranted for future studies.  The 2 psu treatment had lowest 
survival duration at all ages. While this treatment corresponded to the widest salinity 
differential at transfer, the results obtained at 10 psu suggests that this differential in itself 
might not be a major factor affecting stress and mortality as discussed above. It is 
possible that the results at 2 psu reflect the inability of the larvae to adjust to hypo-
osmotic conditions. Regulation in hypo-osmotic conditions involves different 
mechanisms to actively intake ions through gills, retain ions in kidneys, excrete diluted 
urine to remove excess water, and drink minimally to maintain water and ion balances. 
Larvae in our challenge were equipped for osmoregulation in hyperosmotic conditions 
since they had been maintained in hyperosmotic water (30 psu) until challenges. 
Transition to osmoregulation in hypoosmotic conditions may require additional time to 
differentiate epithelia and express the transport channels required for regulation in these 
conditions. The smoltification process that leads to adaptation of anadromous salmonids 
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to osmoregulation in hyper osmotic conditions occurs over several weeks (300-400 
degree days, McCormick et al., 1999; Stefansson et al., 1998); the opposite adaptation in 
Atlantic croaker may also require. According to this hypothesis,  the direct transfer 
applied in our challenge was incompatible with survival. A progressive challenge may 
allow for adaptation(s) to hyposalinity and might achieve tolerance to salinity below 10 
psu. Further studies employing progressive challenges at different rates of salinity 
reduction would be interesting to further evaluate the potential for very low salinity 
culture. 
 
3.4.2 Growth and survival of larvae cultured at low salinity during the late larval 
period  
Larvae in this experiment were cultured at 30 psu until 20 dph after which date 
salinity was progressively lowered to 15 psu in the LS group and held at 30 psu in the HS 
group. Larvae from the 15 psu group were closer to iso-osmotic conditions as discussed 
above and were expected to spend less energy to maintain ion and water balance. This 
was expected to translate into lower food conversion indices at low salinity and thus 
faster growth rate if the same feeding rates were applied in the two salinity groups. 
Interpretation of growth data obtained during the study is, however, challenging because 
the temperature was warmer in the system housing the LS group at the beginning of the 
experiment which confounded the salinity treatment and, also, because of the high 
mortality experienced by some replicate tanks in both treatment groups. The feeding rates 
had to be reduced in tanks with lower survival to avoid overloading the tanks with 
unconsumed live feeds (Southgate and Partridge, 1998; Tucker, 1998). This prevented 
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testing for growth rate differences between groups accounting for all replicate tanks due 
to (unwanted) differences in actual feeding rates among tanks and effectively reduced the 
power of the comparison by restricting it to sub-datasets. The initial growth advantage for 
the LS group was restricted to the period where salinity was the same between the two 
groups and was likely related in part to the warmer temperature experienced by this group 
during the first week of the trial. During the period when salinity was lowered in the LS 
group, the HS group outgrew the LS group closing the gap between the two by 37 dph 
and reaching a larger size at 79 dph. This result contrasts with findings in another 
euryhaline species such as the European seabass (Saillant et al. 2003) and the European 
eel (Politis et al., 2018) where low salinity groups showed faster growth during larval 
rearing. The lack of a growth advantage at low salinity may reflect that there has not been 
sufficient time for the positive effects of low salinity on growth to accumulate. Salinity 
was lowered beginning at 20 dph, but 15psu was only reached at 35 dph. Reduced growth 
in the LS group also was likely due to the higher density in this group during the late 
larval period. There was no significant effect of the salinity treatment on survival, but 
mortality was minimal in all groups during the treatment period and most of the mortality 
in all groups had occurred before salinity was lowered in the LS group. Salinity may have 
some beneficial effects on growth and survival during the early larval phases considering 
the results of challenge transfers discussed above. 
 
3.5 Conclusion and aquaculture implications 
This study showed that the osmoregulatory capacity of Atlantic croaker larvae 
changes through time as the organs involved in the regulation of water and ion balances 
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develop. Abrupt transfer challenges showed that early larval stages show higher fitness at 
low salinity close to iso-osmotic conditions, a finding consistent with the reduced needs 
to osmoregulate at this salinity. Accordingly, culturing larvae at low salinity (10 psu 
treatment in this study) would not be expected to induce larval stress and actually appears 
to have some beneficial effects on fitness as highlighted by the longer survival during 
transfer challenges. Further reduction of salinity to values lower than 10psu involves 
osmoregulation in a hypo-osmotic environment. Reduction to such low salinity was 
unsuccessful in this study but may be possible if salinity is reduced progressively at a 
pace that remains to be determined. Overall, other than the potential cost savings that 
could be achieved by culturing at low salinity, reduced conversion rates would be 
expected if culture was performed in iso-osmotic conditions, although these gains could 
not be demonstrated in this study because the period of growth at low salinity was very 




CHAPTER IV – GENERAL CONCLUSIONS 
The objective of this work was to assess the feasibility of conducting maturation, 
spawning, and early larval culture at low salinity for Atlantic croaker (Micropogonias 
undulatus) to improve the cost-effectiveness of baitfish aquaculture of this species.  
The first chapter showed that adult croaker can complete gametogenesis and 
produce viable spawns at all tested salinities (10, 20, and 30 psu), but fecundity, fertility 
and viability to hatch of spawns was impaired when broodstock were matured at the 
lowest salinity tested (10 psu). Culture of broodstock at 10 psu during most of the 
maturation period may be compatible with high reproductive performance, but salinity 
would need to be raised to 20 psu before hormonal induction for a duration that will need 
to be determined in future studies. The neutral salinity buoyancy of embryos was 25 psu 
and was not affected by the maturation salinity. Therefore, incubation at low salinity 
(below 25 psu) leads to negative buoyancy that resulted in total mortality of embryos 
prior to hatch in this experiment. The buoyancy problem may be circumvented, in part, 
by increasing aeration during incubation, but excess aeration has been shown to lead to 
increased mortality of larvae (Sakakura et al., 2007) and may not be advisable in Atlantic 
croaker based on the observation that they appear to be sensitive to excess aeration (A. 
Bardon and E. Saillant, unpublished data). Accordingly, embryos and larvae may need to 
be maintained at 25 psu during incubation. The small-scale experiment revealed that eggs 
from females matured at low salinity could be fertilized and incubated at higher salinity. 
These results suggest that incubation of eggs from adults matured in 20 psu saltwater at 
25 or 30 psu should produce results similar to current practice in a large-scale production 
setting. Because embryo incubation through hatch requires a much smaller water volume 
 
76 
than that used by broodstock, performing this step at high salinity will have little impact 
on total salt cost for production. However, the negative buoyancy at low salinity may 
persist after hatch until first feeding or even later during larval rearing, at least until the 
larvae inflate a swim bladder (which was recorded at 5 dph in this study) and become 
capable of actively regulating their position in the water column. 
In the second chapter, larvae surprisingly showed a high tolerance to abrupt 
salinity change within the first few weeks after hatch. The small-scale experiment 
demonstrated that larvae tolerated a direct transfer to 10 psu saltwater as early as 1 dph 
with no effect on survival. The same transfer led to improved survival when attempted at 
12 dph. Average survival duration across the challenge was longest in isoosmotic 
conditions (10 psu) and shorter as hyperosmotic conditions were more pronounced with 
substantially reduced survival duration at the control salinity of 30 psu. These findings 
suggest that reduction of the salinity to 10 psu (isoosmotic conditions) would be 
beneficial at 12 dph since larvae may have become capable of actively controlling 
buoyancy at that stage. Reduction of salinity below 10 psu (hypo-osmotic conditions) led 
to rapid mortality likely because larvae would need to adapt to regulation in a hypo-
osmotic environment. Juvenile croaker are tolerant to hypoosmotic conditions, but the 
acquisition of the necessary adaptations may take time considering the duration of the 
opposite process (smoltification) in anadromous species. A progressive reduction below 
iso-osmotic conditions may thus be possible, but the rate of decrease of salinity below 10 
psu remains to be determined.  
Salinity reduction in large scale larval culture in this study was implemented 
relatively late (initiated at 20 dph with the target low salinity reached two weeks later). 
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As a consequence, the two salinity treatments were applied only for a short period of time 
when larvae were already metamorphosing into juveniles. This, along with confounding 
effects of density differences between treatments, prevented assessing differences in 
growth and survival performance between high and low salinity. As discussed above, 
salinity treatments need to be applied during the early phases of larval rearing in future 
large-scale culture trials to establish a low salinity larviculture protocol that can allow for 
reduced production costs. Based on the findings of this chapter, it seems relevant to 
attempt lowering the salinity at 12 dph or even earlier, and the results of direct transfers 
further suggest that salinity could be reduced very rapidly to reach iso-osmotic conditions 
with little or no effects on the larvae. The impact of low salinity culture on live feed 
survival and the retention of their enrichment would however need to be examined as 
well. 
The reduction of salinity proposed in this thesis can yield significant cost savings 
in croaker culture. Salting the systems used in this work to 30 psu cost at least $2,120 
(broodstock tank: $1407, embryo incubation: $50, larval rearing: $289). The budget 
saving in a hatchery employing the same systems can be estimated by comparing a low 
salinity protocol to the current one where salinity is at 10 psu for 9 months then at 30 psu 
for the remaining 4 months (2 months maturation, 1 month spawning) with water changes 
averaging 5% per week, incubation is at 30 psu and larval culture is at 30 psu until the 
end of the larval development. The low salt protocol could have broodstock maintained at 
10 psu for 10 months, then brought up to 20 psu for a month prior to spawning and 
maintained at that salinity for the rest of spawning, followed by incubation at 25 psu and 
larval rearing started at 25 psu, but not maintained at that level allowing reduction down 
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to 12 psu during water changes. During larval rearing, I estimated that the sump      
(0.906 m3) needs to be refilled twice to capture water lost during filter backwash and 
daily siphoning of dead larvae, food, and feces residuals on the sides of the tanks. The 
cost savings for this proposed protocol is estimated at $946 (broodstock tank: $980, 
embryo incubation: $41, larval rearing: $195). These totals are based on a simple 
assessment in salt need and do not take into account potential re-use of water from larval 
and incubation systems for the broodstock systems.  
In conclusion, this work highlighted potential modifications of the culture 
protocol to reduce the requirements of high salinity water for Atlantic croaker hatchery 
production and reduce production costs. The modifications suggested by the results of 
these experiments should be tested and optimized, in particular to determine the exact 
duration of periods requiring high salinity for broodstock and early larvae prior to 
implementation. Monitoring of additional indicators of spawn quality including maternal 
RNAs in ovaries and ova (Bobe and Labbe, 2010; Crespo et al., 2019) would be of 
interest to improve the prediction of spawning success and the viability of early larvae in 
conditions where maturation and spawning are impaired such as in the 10 psu treatment 












 – Egg Maturation Stages (%) for Individual Females 
Table A.1 Percentage of oocytes at each maturation stage for individual females across the maturation period. A few females 





(n = 36) 
Month 
August September October November 
  I II III I II III I II III I II III 
10 1 - - - 100.00 0.00 0.00 100.00 0.00 0.00 69.23 30.77 0.00 
10 2 - - - 100.00 0.00 0.00 100.00 0.00 0.00 90.20 9.80 0.00 
10 3 100.00 0.00 0.00 100.00 0.00 0.00 96.77 3.23 0.00 80.00 20.00 0.00 
10 4 100.00 0.00 0.00 93.55 6.45 0.00 100.00 0.00 0.00 83.33 16.67 0.00 
10 5 100.00 0.00 0.00 100.00 0.00 0.00 100.00 0.00 0.00 46.67 53.33 0.00 
10 6 - - - 53.33 46.67 0.00 0.00 76.67 *23.33 36.67 63.33 0.00 
10 7 - - - 96.67 3.33 0.00 96.67 3.33 0.00 90.00 10.00 0.00 
10 8 - - - 60.00 40.00 0.00 100.00 0.00 0.00 50.00 50.00 0.00 
10 9 - - - - - - 100.00 0.00 0.00 90.00 10.00 0.00 
10 10 - - - 80.00 20.00 0.00 100.00 0.00 0.00 90.00 10.00 0.00 
10 11 - - - 100.00 0.00 0.00 0.00 0.00 100.00 83.33 16.67 0.00 
10 12 - - - 90.00 10.00 0.00 66.67 33.33 0.00 56.67 43.33 0.00 
20 13 100.00 0.00 0.00 90.00 10.00 0.00 100.00 0.00 0.00 96.67 3.33 0.00 
20 14 100.00 0.00 0.00 79.37 20.63 0.00 100.00 0.00 0.00 100.00 0.00 0.00 
20 15 100.00 0.00 0.00 100.00 0.00 0.00 96.67 3.33 0.00 50.00 50.00 0.00 
20 16 - - - 100.00 0.00 0.00 100.00 0.00 0.00 53.33 46.67 0.00 
20 17 - - - - - - 93.33 6.67 0.00 76.67 23.33 0.00 
20 18 - - - 100.00 0.00 0.00 96.67 3.33 0.00 56.67 43.33 0.00 
20 19 - - - 36.67 63.33 0.00 100.00 0.00 0.00 63.33 36.67 0.00 
20 20 - - - 72.73 27.27 0.00 0.00 0.00 100.00 73.33 26.67 0.00 
20 21 - - - - - - 0.00 100.00 0.00 66.67 33.33 0.00 














August September October November 
I II III I II III I II III I II III 
20 23 100.00 0.00 0.00 86.67 13.33 0.00 0.00 0.00 100.00 43.33 53.33 3.33 
20 24 100.00 0.00 0.00 100.00 0.00 0.00 40.00 60.00 0.00 66.67 33.33 0.00 
30 25 100.00 0.00 0.00 - - - 100.00 0.00 0.00 95.56 4.44 0.00 
30 26 - - - 100.00 0.00 0.00 100.00 0.00 0.00 80.00 20.00 0.00 
30 27 100.00 0.00 0.00 100.00 0.00 0.00 93.33 6.67 0.00 80.00 20.00 0.00 
30 28 100.00 0.00 0.00 100.00 0.00 0.00 86.67 13.33 0.00 56.67 36.67 6.67 
30 29 100.00 0.00 0.00 56.67 43.33 0.00 93.33 6.67 0.00 73.33 23.33 3.33 
30 30 - - - 73.33 23.33 3.33 76.67 16.67 6.67 86.67 13.33 0.00 
30 31 - - - 73.33 26.67 0.00 100.00 0.00 0.00 50.00 50.00 0.00 
30 32 - - - 93.33 6.67 0.00 100.00 0.00 0.00 63.33 36.67 0.00 
30 33 - - - 100.00 0.00 0.00 100.00 0.00 0.00 73.33 26.67 0.00 
30 34 - - - - - - 0.00 0.00 100.00 40.00 60.00 0.00 
30 35 - - - 40.00 60.00 0.00 0.00 0.00 100.00 73.33 26.67 0.00 























































































 – Female Condition 
Table B.1 Maximum oocyte maturity stage recorded in biopsies from 
individual females maintained at 3 different salinities for the gamete 




(n = 36) 
Month 
September October November 
10 1 I I II 
10 2 I I II 
10 3 I II II 
10 4 II I II 
10 5 I I II 
10 6 II IV II 
10 7 II II II 
10 8 II I II 
10 9 NA I II 
10 10 II I II 
10 11 I III II 
10 12 II II II 
20 13 II I II 
20 14 II I I 
20 15 I II II 
20 16 I I II 
20 17 NA II II 
20 18 I II II 
20 19 II I II 
20 20 II III II 
20 21 NA II II 
20 22 II III II 
20 23 II III III 
20 24 I II II 
30 25 NA I II 
30 26 I I II 
30 27 I II II 
30 28 I II III 
30 29 II II III 
30 30 II II II 
30 31 II I II 
30 32 II I II 
30 33 I I II 
30 34 NA III II 
     








Table B.1 (continued) 
Maturation 
Salinity (psu) 
Female (n = 
36) 
Month 
September October November 
30 35 II III II 
30 36 NA III II 
10 (Mean ± SD) 1.56 ± 0.50 1.58 ± 
0.76 
2.00 ± 0.00 
20 (Mean ± SD) 1.46 ± 0.49 1.92 ± 
0.76 
2.08 ± 0.28 
30 (Mean ± SD) 1.56 ± 0.50 1.83 ± 
0.80 






 - Female Parameters 
Table C.1 Maturation salinity (psu), identification number, weight at spawn (g), length at spawn (g), health at spawn, thermal 
















1 10 1 400.7 30.0 Good 0.10 38.62 24,000 0.00 ± 0.00 - 
1 10 2 420.4 30.5 Good 0.02 34.15 132,000 0.00 ± 0.00 - 
2 10 3 673.2 35.0 Enlarged eye 2.88 37.18 125,000 36.10 ± 21.68 0.00 ± 0.00  
1 10 4 446.7 31.0 Red on 
abdomen 
0.04 37.32 82,666 27.67 ± 10.34 0.00 ± 0.00 
2 10 5 481.0 31.0 Good 0.20 - - - - 
1 10 6 734.9 34.0 Good -0.21 - - - - 
2 10 7 488.3 30.0 Good 0.31 38.57 0 - - 
1 10 8 620.2 33.0 Good -0.06 35.93 0 - - 
2 10 9 378.3 31.5 Good 0.22 - - - - 
2 10 10 402.1 30.0 Good 0.01 - - - - 
1 10 11 371.5 28.5 Lip Injury 0.12 35.70 0 - - 
2 10 12 495.3 31.5 Old injury on 
head 
0.22 37.38 0 0.00 ± 0.00 - 
1 20 13 661.9 34.0 Good 0.43 34.77 1,420,000 5.33 ± 2.49 - 
2 20 *14 491.9 31.5 Good 0.82 - - - - 
1 20 15 611.5 33.0 Good 0.27 36.55 152,000 44.67 ± 10.40 2.26 ± 2.12 
1 20 16 391.5 30.0 Blood in 
biopsy 
























2 20 *17 499.1 32.0 Injury on 
lower lip 
0.28 - - - - 
2 20 *18 633.3 34.0 Bruise on 
lower lip 
0.28 - - - - 
2 20 *19 418.4 30.0 Injury on 
head; Red on 
bottom lip 
Good 
0.02 - - - - 
1 20 20 617.3 34.0 Good 0.33 36.95 24,000 43.67 ± 21.00  0.00 ± 0.00 
2 20 *21 496.2 32.0 Good 0.14 - - - - 
1 20 22 425.9 30.0 Good 0.04 38.48 86,333 69.67 ± 4.50 0.00 ± 0.00 
1 20 23 495.2 31.0 Good 0.20   28.05 218,000 35.33 ± 6.85 0.00 ± 0.00 
2 20 *24 419.5 29.5 Good -0.03 - - - - 
1 30 25 511.9 31.0 Swollen 
abdomen 
0.37 - - - - 
1 30 26 559.1 31.0 Swollen 
abdomen 
0.39 34.50 830,000 68.67 ± 6.18        37.51 
± 12.36 
2 30 27 635.2 35.0 Good 0.51 37.58 900,000 80.67 ± 6.02 15.04 ± 
10.32 




















1 30 29 544.7 30.5 Red on 
abdomen 
0.32 37.48 143,333 31.00 ± 5.72       4.15 ± 
2.54 
2 30 30 430.4 29.0 Lower jaw 
injury 
0.25 37.38 - - - 
1 30 31 577.5 32.5 Swollen 
abdomen 
0.38 36.97 92,666 61.00 ± 7.87       8.37 ± 
2.03 
2 30 32 751.9 36.0 Good 0.41 36.03 165,000 74.37 ± 2.97 8.72 ± 4.90 
2 30 33 461.6 30.0 Good 0.22 - - - - 
1 30 34 780.9 36.5 Good 0.39 35.52 860,000 44.67 ± 8.26      8.63 ± 
4.76 
1 30 35 680.5 35.0 Good 0.22 35.92 800,000 37.67 ± 3.68      8.07 ± 
4.44 
2 30   36 666.1 33.5 Red on 
abdomen 










































354,197 57.47 ± 16.72 







 – Male Parameters 
Table D.1 Maturation salinity (psu), fish ID, weight at spawn (g), length at spawn (cm), health at spawn, thermal growth 
coefficient (September – November; TGC), latency from injection to stripping (hours), total milt volume (mLs), and sperm 
motility (%) for captive males (n = 18). 
Salinity 





10 1 361.2 29.5 Red on abdomen 0.13 27.68 3.50 38.33 ± 13.44 
10 2 569.2 34.0 Good 0.08 28.13 5.50 35.00 ±   9.57 
10 3 458.1 32.0 Good 0.86 29.12 3.25 56.25 ± 15.96 
10 4 388.3 30.0 Good 0.77 29.10 4.60 63.33 ± 17.72 
10 5 155.1 24.0 Good 0.31 29.75 0.10 45.00 ± 15.00 
10 6 161.2 23.5 Red on tail 0.42 27.75 1.00 48.33 ± 10.67 
20 7 998.9 26.0 Good -0.10 27.87 2.25 22.50 ±   5.59 
20 8 507.1 32.0 Good 0.09 27.80 4.30 45.00 ±   7.64 
20 9 189.1 24.5 Good 0.43 27.97 2.00 48.33 ± 10.67 
20 *10 280.2 26.0 Good 0.14 - 4.45 - 
20 *11 371.2 31.0 Good 0.20 - 4.25 - 
20 *12 219.4 26.0 Good 2.37 - 2.80 - 
30 13 287.9 28.0 Good 0.32 29.40 1.30 33.33 ±   9.43 
30 14 250.0 31.0 Good -0.71 29.37 2.50 42.50 ±   6.93 
30 15 398.2 29.0 Good 0.08 27.80 4.10 56.67 ± 11.06 
30 16 393.5 29.5 Good 0.21 27.93 1.05 37.50 ±   8.29 
30 17 204.6 28.0 Good 0.50 29.72 3.75 49.38 ± 22.42 
30 18 106.6 22.0 Good 0.41 28.10 0.00 - 
Mean ± 
SD 
348.85 ± 149.97 28.8 ± 3.88 28.8 ± 3.88   
0.43 ± 
0.30 
28.59 ± 0.78 2.99 ± 1.89 47.71 ±   9.78 
         






Table D.1 (continued). 
Salinity 







427.65 ± 276.24 27.6 ± 2.83 27.6 ± 2.83   
0.52 ± 
0.84 
27.88 ± 0.07 3.34 ± 1.03 38.61 ± 11.47 
Mean ± 
SD 
273.47 ± 102.72 27.9 ± 2.83 27.9 ± 2.83   
0.14 ± 
0.40 





 – Spawning Record (2019) 
Table E.1 Date, collection time, total egg production, fertilization rate (MEAN ± SD), 
and hatch rate (MEAN ± SD) of spawns for tank spawns following LHRHa 
implantation. The final spawn collected crashed due to system malfunction.   
Date 
Collection 





Jan 12 2019 2200 699,600 78.38 ± 19.31 18.64 ± 11.04 
Jan 13 2019 0800 530,000 99.72 ±   0.62 10.00 ±   2.83 
Jan 13 2019 2200 811,340 49.96 ±   4.81 81.01 ± 21.92 
Jan 14 2019 0930 781,000 65.55 ±   5.81 47.25 ± 10.00 
Jan 15 2019 0900 730,000 88.64 ±   2.62 29.31 ± 17.64 
Jan 16 2019 0900 469,200 65.75 ± 34.66 - 









 – Larval Rearing Water Quality  
 
Table F.1 Water quality data for 2019 larval rearing tanks (n = 6). Tanks 1 – 3 comprise system one, while tanks 4 – 6 
comprise system two. Parameters include: tank number, days post hatch (dph) of larvae, temperature (C), salinity (psu), 


















1 1.5 17.35 31.41 6.94 8.31 High 240 0.00 0.00 2 
2 1.5 17.36 31.42 7.25 8.31 High 240 0.00 0.00 2 
3 1.5 17.55 31.52 7.13 8.29 High 240 0.00 0.00 2 
4 1.5 19.90 29.37 6.43 8.30 Low 240 0.00 0.00 2 
5 1.5 19.93 29.39 6.71 8.38 Low 240 0.00 0.00 2 
6 1.5 19.91 29.34 6.94 8.29 Low 240 0.00 0.00 2 
1 2 17.71 31.39 6.28 8.30 High     
2 2 17.74 31.39 7.24 8.30 High     
3 2 17.88 31.49 7.37 8.30 High     
4 2 19.50 29.37 6.68 8.31 Low     
5 2 19.59 29.38 7.04 8.29 Low     
6 2 19.59 29.32 6.10 8.28 Low     
1 2.5 18.01 31.37 6.13 8.30 High     
2 2.5 18.03 31.39 7.50 8.30 High     
3 2.5 18.16 31.46 7.05 8.92 High     
4 2.5 19.47 29.38 6.80 8.31 Low     

























6 2.5 19.54 29.32 6.93 8.29 Low     
1 3 18.47 31.35 6.66 8.28 High 240 0.00 0.00 2 
2 3 18.52 31.38 7.43 8.28 High 240 0.00 0.00 2 
3 3 18.62 31.46 6.91 8.26 High 240 0.00 0.00 2 
4 3 19.61 29.38 7.11 8.30 Low 240 0.00 0.00 2 
5 3 19.63 29.35 6.82 8.30 Low 240 0.00 0.00 2 
6 3 19.65 29.31 7.57 8.28 Low 240 0.00 0.00 2 
1 3.5 18.88 31.34 7.27 8.29 High 240 0.25 0.00 2 
2 3.5 18.90 31.35 7.68 8.28 High 240 0.25 0.00 2 
3 3.5 19.00 31.44 7.33 8.28 High 240 0.25 0.00 2 
4 3.5 19.77 29.35 7.29 8.30 Low 240 0.25 0.00 2 
5 3.5 19.78 29.33 7.82 8.29 Low 240 0.25 0.00 2 
6 3.5 19.79 29.28 7.48 8.28 Low 240 0.25 0.00 2 
1 4 19.20 31.31 6.62 8.27 High 240 0.25 0.00 2 
2 4 19.21 31.34 6.52 8.28 High 240 0.25 0.00 2 
3 4 19.29 31.42 6.67 8.27 High 240 0.25 0.00 2 
4 4 19.88 29.35 7.44 8.29 Low 240 0.25 0.00 2 
5 4 19.89 29.34 7.55 8.30 Low 240 0.25 0.00 2 
6 4 19.90 29.29 7.51 8.27 Low 240 0.25 0.00 2 
1 4.5 19.43 31.30 6.78 8.28 High     
2 4.5 19.43 31.34 7.37 8.28 High     
3 4.5 19.51 31.41 7.05 8.28 High     
4 4.5 19.95 29.35 6.04 8.29 Low     
5 4.5 19.95 29.35 7.42 8.30 Low     
6 4.5 19.98 29.29 7.39 8.28 Low     
























2 5 19.33 31.21 7.01 8.27 High 240 0.00 0.00 2 
3 5 19.30 31.21 7.20 8.28 High 240 0.00 0.00 2 
4 5 19.68 29.28 6.88 8.31 Low 240 0.00 0.00 2 
5 5 19.66 29.24 6.71 8.31 Low 240 0.00 0.00 2 
6 5 19.68 29.17 8.31 8.31 Low 240 0.00 0.00 2 
1 5.5 19.06 31.19 6.92 8.26 High 240 0.00 0.00 2 
2 5.5 19.01 31.23 7.50 8.29 High 240 0.00 0.00 2 
3 5.5 18.97 31.23 7.27 8.31 High 240 0.00 0.00 2 
4 5.5 19.28 29.29 7.81 8.33 Low 240 0.00 0.00 2 
5 5.5 19.26 29.23 7.11 8.33 Low 240 0.00 0.00 2 
6 5.5 19.29 29.20 7.33 8.32 Low 240 0.00 0.00 2 
1 6 18.55 31.30 7.25 8.22 High 240 0.00 0.00 2 
2 6 18.58 31.24 7.34 8.26 High 240 0.00 0.00 2 
3 6 18.48 31.23 7.28 8.28 High 240 0.00 0.00 2 
4 6 18.75 29.33 8.65 8.31 Low 240 0.00 0.00 2 
5 6 18.74 29.25 6.96 8.31 Low 240 0.00 0.00 2 
6 6 18.80 29.18 6.91 8.30 Low 240 0.00 0.00 2 
1 6.5 18.45 31.33 6.58 8.29 High 240 0.00 0.00 2 
2 6.5 18.40 31.27 7.26 8.33 High 240 0.00 0.00 2 
3 6.5 18.28 31.26 6.80 8.33 High 240 0.00 0.00 2 
4 6.5 18.53 29.34 8.53 8.34 Low 240 0.00 0.00 2 
5 6.5 18.52 29.28 6.78 8.34 Low 240 0.00 0.00 2 
6 6.5 18.59 29.21 6.86 8.33 Low 240 0.00 0.00 2 
1 7 18.22 31.26 6.92 8.29 High     
2 7 18.32 31.27 7.41 8.27 High     
























4 7 18.44 29.29 5.89 8.30 Low     
5 7 18.38 29.28 5.87 8.30 Low     
6 7 18.16 29.21 6.78 8.29 Low 240 0.00 0.00 2 
2 7.5 18.52 31.22 6.76 8.31 High 240 0.00 0.00 2 
3 7.5 18.55 31.32 6.22 8.30 High 240 0.00 0.00 2 
4 7.5 18.63 29.32 6.74 8.33 Low 240 0.00 0.00 2 
5 7.5 18.58 29.26 5.92 8.32 Low 240 0.00 0.00 2 
6 7.5 18.65 29.20 6.17 8.28 Low 240 0.00 0.00 2 
1 8 19.04 31.24 6.27 8.25 High     
2 8 19.10 31.24 6.69 8.26 High     
3 8 19.13 31.34 6.03 8.25 High     
4 8 19.19 29.28 5.57 8.28 Low     
5 8 19.14 29.28 6.24 8.28 Low     
6 8 19.18 29.20 5.58 8.26 Low     
1 8.5 19.42 31.98 4.57 8.31 High     
2 8.5 19.47 31.99 6.03 8.32 High     
3 8.5 19.59 32.07 4.96 8.31 High     
4 8.5 19.56 29.95 5.93 8.34 Low     
5 8.5 19.49 29.93 5.16 8.34 Low     
6 8.5 19.51 29.87 5.70 8.33 Low     
1 9 19.47 31.95 5.56 8.43 High     
2 9 19.51 32.00 6.00 8.42 High     
3 9 19.56 32.09 5.93 8.42 High     
4 9 19.60 29.96 5.00 8.44 Low     
5 9 19.51 29.96 4.99 8.43 Low     
























1 9.5 19.57 31.91 5.74 8.42 High 240 0.00 0.00 2 
2 9.5 19.55 32.03 5.93 8.42 High 240 0.00 0.00 2 
3 9.5 19.57 32.12 5.45 8.40 High 240 0.00 0.00 2 
4 9.5 19.60 30.01 5.50 8.42 Low 240 0.00 0.00 2 
5 9.5 19.52 30.00 5.19 8.47 Low 240 0.00 0.00 2 
6 9.5 19.58 29.94 5.58 8.39 Low 240 0.00 0.00 2 
1 10 19.26 31.82 5.44 8.45 High     
2 10 19.25 32.03 5.80 8.45 High     
3 10 19.31 32.12 6.07 8.43 High     
4 10 19.32 29.94 5.24 8.43 Low     
5 10 19.22 29.98 5.21 8.44 Low     
6 10 19.32 29.91 5.47 8.43 Low     
1 10.5 19.08 31.81 5.48 8.44 High 240 0.00 0.00 2 
2 10.5 19.08 32.03 5.55 8.44 High 240 0.00 0.00 2 
3 10.5 19.14 32.12 5.17 8.42 High 240 0.00 0.00 2 
4 10.5 19.18 29.92 5.68 8.44 Low 240 0.00 0.00 2 
5 10.5 19.06 29.97 5.93 8.44 Low 240 0.00 0.00 2 
6 10.5 19.18 29.90 5.55 8.42 Low 240 0.00 0.00 2 
1 11 18.94 31.86 5.46 8.43 High     
2 11 18.97 32.07 5.83 8.44 High     
3 11 19.02 32.15 5.52 8.42 High     
4 11 19.01 29.99 5.43 8.44 Low     
5 11 18.93 30.01 5.31 8.43 Low     
6 11 19.06 29.94 5.69 8.42 Low     
1 11.5 18.88 31.92 6.53 8.45 High 240 0.00 0.00 2 
























3 11.5 19.03 32.21 6.31 8.43 High 240 0.00 0.00 2 
4 11.5 19.00 30.04 4.91 8.45 Low 240 0.00 0.00 2 
5 11.5 18.94 30.08 5.50 8.44 Low 240 0.00 0.00 2 
6 11.5 19.09 30.01 6.23 8.42 Low 240 0.00 0.00 2 
1 12 19.20 32.23 6.35 8.44 High 240 0.00 0.00 2 
2 12 19.10 32.11 6.38 8.45 High 240 0.00 0.00 2 
3 12 18.98 31.89 6.60 8.45 High 240 0.00 0.00 2 
4 12 19.09 30.01 6.38 8.46 Low 240 0.00 0.00 2 
5 12 19.05 30.05 6.40 8.45 Low 240 0.00 0.00 2 
6 12 19.19 29.96 6.62 8.44 Low 240 0.00 0.00 2 
1 12.5 19.31 32.28 5.24 8.39 High 240 0.00 0.00 2 
2 12.5 19.21 32.13 6.10 8.41 High 240 0.00 0.00 2 
3 12.5 19.11 31.94 6.20 8.41 High 240 0.00 0.00 2 
4 12.5 19.22 30.05 5.88 8.42 Low 240 0.00 0.00 2 
5 12.5 19.17 30.10 5.55 8.41 Low 240 0.00 0.00 2 
6 12.5 19.31 30.02 6.59 8.40 Low 240 0.00 0.00 2 
1 13 19.24 32.21 5.41 8.39 High 240 0.00 0.00 2 
2 13 19.18 32.14 6.00 8.42 High 240 0.00 0.00 2 
3 13 19.00 31.92 6.15 8.41 High 240 0.00 0.00 2 
4 13 19.18 30.04 4.87 8.41 Low 240 0.00 0.00 2 
5 13 19.12 30.07 5.45 8.41 Low 240 0.00 0.00 2 
6 13 19.26 29.98 6.38 8.40 Low 240 0.00 0.00 2 
1 13.5 19.44 32.28 5.82 8.37 High 240 0.00 0.00 2 
2 13.5 19.26 32.18 5.55 8.40 High 240 0.00 0.00 2 
3 13.5 19.18 31.96 6.37 8.39 High 240 0.00 0.00 2 
























5 13.5 19.21 30.11 5.90 8.39 Low 240 0.00 0.00 2 
6 13.5 19.32 30.04 6.25 8.38 Low 240 0.00 0.00 2 
1 14 19.39 31.93 5.15 8.42 High     
2 14 19.43 32.18 5.53 8.43 High     
3 14 19.43 32.18 5.48 8.43 High     
4 14 19.45 30.06 5.14 8.42 Low     
5 14 19.40 30.11 5.35 8.41 Low     
6 14 19.51 30.04 5.89 8.41 Low     
1 14.5 19.34 31.84 5.36 8.42 High 240 0.00 0.00 2 
2 14.5 19.40 32.15 5.11 8.43 High 240 0.00 0.00 2 
3 14.5 19.46 32.09 4.67 8.43 High 240 0.00 0.00 2 
4 14.5 19.39 29.95 6.29 8.42 Low 240 0.00 0.00 2 
5 14.5 19.36 30.08 5.20 8.40 Low 240 0.00 0.00 2 
6 14.5 19.46 30.02 5.50 8.40 Low 240 0.00 0.00 2 
1 15 19.05 31.20 5.03 8.24 High     
2 15 19.14 31.51 5.29 8.26 High     
3 15 19.18 31.46 5.15 8.24 High     
4 15 19.14 29.36 4.70 8.26 Low     
5 15 19.12 29.48 5.48 8.25 Low     
6 15 19.22 29.42 5.88 8.25 Low     
1 15.5 19.13 31.22 5.38 8.28 High 240 0.00 0.00 2 
2 15.5 19.11 31.51 5.26 8.28 High 240 0.00 0.00 2 
3 15.5 19.17 31.46 5.03 8.26 High 240 0.00 0.00 2 
4 15.5 19.12 29.39 5.09 8.28 Low 240 0.00 0.00 2 
5 15.5 19.11 29.51 5.19 8.27 Low 240 0.00 0.00 2 
























1 16 19.41 31.28 6.71 8.36 High 240 0.00 0.00 2 
2 16 19.20 31.58 6.72 8.36 High 240 0.00 0.00 2 
3 16 19.24 31.50 6.08 8.33 High 240 0.00 0.00 2 
4 16 19.21 29.42 5.69 8.34 Low 240 0.00 0.00 2 
5 16 19.17 29.52 6.32 8.33 Low 240 0.00 0.00 2 
6 16 19.25 29.40 6.04 8.33 Low 240 0.00 0.00 2 
1 16.5 19.94 31.23 5.67 8.36 High     
2 16.5 19.50 31.51 5.80 8.35 High     
3 16.5 19.50 31.44 5.50 8.32 High     
4 16.5 19.54 29.36 4.79 8.33 Low     
5 16.5 19.45 29.47 4.72 8.31 Low     
6 16.5 19.49 29.41 5.13 8.31 Low     
1 17 20.44 31.23 5.06 8.34 High 240 0.00 0.00 2 
2 17 19.89 31.52 6.61 8.35 High 240 0.00 0.00 2 
3 17 19.81 31.47 5.35 8.32 High 240 0.00 0.00 2 
4 17 19.93 29.37 4.50 8.32 Low 240 0.00 0.00 2 
5 17 19.79 29.49 5.26 8.31 Low 240 0.00 0.00 2 
6 17 19.79 29.42 5.44 8.32 Low 240 0.00 0.00 2 
1 17.5 20.38 31.21 5.07 8.30 High     
2 17.5 19.99 31.51 5.41 8.31 High     
3 17.5 19.91 31.47 4.90 8.28 High     
4 17.5 19.99 29.36 4.47 8.29 Low     
5 17.5 19.88 29.48 5.18 8.28 Low     
6 17.5 19.88 29.43 6.14 8.29 Low     
1 18 20.63 31.25 5.74 8.31 High     
























3 18 20.21 31.47 5.45 8.32 High     
4 18 20.31 29.37 5.11 8.33 Low     
5 18 20.18 29.49 4.99 8.36 Low     
6 18 20.16 29.44 5.13 8.34 Low     
1 18.5 20.83 31.18 4.72 8.28 High 240 0.00 0.00 2 
2 18.5 20.50 31.50 4.69 8.30 High 240 0.00 0.00 2 
3 18.5 20.52 31.45 3.89 8.27 High 240 0.00 0.00 2 
4 18.5 20.54 29.37 4.85 8.28 Low 240 0.00 0.00 2 
5 18.5 20.44 29.48 4.29 8.27 Low 240 0.00 0.00 2 
6 18.5 20.40 29.43 4.46 8.29 Low 240 0.00 0.00 2 
1 19 20.97 31.24 4.22 8.37 High     
2 19 20.75 31.55 4.24 8.38 High     
3 19 20.83 31.47 4.71 8.34 High     
4 19 20.76 29.39 5.30 8.35 Low     
5 19 20.70 29.49 4.44 8.33 Low     
6 19 20.64 29.44 4.93 8.35 Low     
1 19.5 21.09 31.27 3.81 8.28 High 240 0.00 0.00 2 
2 19.5 20.92 31.58 5.25 8.30 High 240 0.00 0.00 2 
3 19.5 21.00 31.52 4.62 8.27 High 240 0.00 0.00 2 
4 19.5 20.92 29.44 5.14 8.28 Low 240 0.00 0.00 2 
5 19.5 20.87 29.53 4.89 8.26 Low 240 0.00 0.00 2 
6 19.5 20.82 29.48 4.49 8.29 Low 240 0.00 0.00 2 
1 20 21.20 31.51 6.06 8.33 High 240 0.00 0.00 2 
2 20 21.14 31.54 6.40 8.36 High 240 0.00 0.00 2 
3 20 21.22 31.22 6.11 8.34 High 240 0.00 0.00 2 
























5 20 21.08 29.47 5.57 8.31 Low 240 0.00 0.00 2 
6 20 21.03 29.44 5.77 8.33 Low 240 0.00 0.00 2 
1 20.5 21.55 31.51 5.15 8.28 High 240 0.00 0.00 2 
2 20.5 21.34 31.61 5.51 8.31 High 240 0.00 0.00 2 
3 20.5 21.37 31.24 4.91 8.29 High 240 0.00 0.00 2 
4 20.5 21.26 29.42 5.22 8.28 Low 240 0.00 0.00 2 
5 20.5 21.26 29.48 5.25 8.27 Low 240 0.00 0.00 2 
6 20.5 21.21 29.51 4.80 8.29 Low 240 0.00 0.00 2 
1 21 21.48 31.24 4.58 8.27 High     
2 21 21.54 31.61 5.07 8.30 High     
3 21 21.72 31.53 4.29 8.27 High     
4 21 24.45 29.40 4.65 8.26 Low     
5 21 21.46 29.49 5.02 8.24 Low     
6 21 21.42 29.50 4.69 8.28 Low     
1 21.5 21.85 31.50 4.72 8.26 High 240 0.00 0.00 2 
2 21.5 21.67 31.57 5.04 8.29 High 240 0.00 0.00 2 
3 21.5 21.63 31.20 4.80 8.27 High 240 0.00 0.00 2 
4 21.5 21.54 29.36 4.95 8.25 Low 240 0.00 0.00 2 
5 21.5 21.59 29.45 5.20 8.24 Low 240 0.00 0.00 2 
6 21.5 21.55 29.47 4.57 8.27 Low 240 0.00 0.00 2 
1 22 21.76 31.52 5.43 8.31 High 240 0.00 0.15 2 
2 22 21.65 31.59 5.66 8.35 High 240 0.00 0.15 2 
3 22 21.64 31.20 4.91 8.32 High 240 0.00 0.15 2 
4 22 21.53 29.37 4.95 8.29 Low 240 0.00 0.15 2 
5 22 21.61 29.44 5.16 8.28 Low 240 0.00 0.15 2 
























1 22.5 21.73 31.28 4.23 8.25 High     
2 22.5 21.96 31.56 5.36 8.30 High     
3 22.5 22.13 31.49 4.68 8.28 High     
4 22.5 21.64 29.26 4.75 8.25 Low     
5 22.5 21.71 29.52 4.62 8.22 Low     
6 22.5 21.67 28.85 5.02 8.28 Low     
1 23 22.61 31.21 5.74 8.40 High     
2 23 22.38 31.30 5.35 8.40 High     
3 23 21.79 31.23 5.09 8.32 High     
4 23 21.68 29.17 5.39 8.29 Low     
5 23 21.77 29.43 4.90 8.27 Low     
6 23 21.74 26.76 5.09 8.37 Low     
1 23.5 22.40 31.21 4.91 8.32 High 240 0.00 0.30 2 
2 23.5 22.70 31.27 3.21 8.15 High 240 0.00 0.30 2 
3 23.5 22.90 31.21 5.28 8.37 High 240 0.00 0.30 2 
4 23.5 21.78 28.15 5.14 8.29 Low 240 0.00 0.30 2 
5 23.5 21.84 28.25 4.52 8.27 Low 240 0.00 0.30 2 
6 23.5 21.82 26.07 5.07 8.34 Low 240 0.00 0.30 2 
1 24 22.30 31.26 5.01 8.38 High 240 0.25 1.00 5 
2 24 22.42 31.28 5.10 8.42 High 240 0.25 1.00 5 
3 24 22.50 31.26 5.50 8.42 High 240 0.25 1.00 5 
4 24 21.72 27.87 5.35 8.36 Low 240 0.25 1.00 5 
5 24 21.74 27.80 5.47 8.34 Low 240 0.25 1.00 5 
6 24 21.74 27.03 4.86 8.37 Low 240 0.25 1.00 5 
1 24.5 21.89 31.25 5.79 8.40 High 240 0.25 0.30 5 

























3 24.5 21.94 31.26 6.26 8.43 High 240 0.25 0.30 5 
4 24.5 21.34 25.75 6.00 8.37 Low 240 0.25 0.30 5 
5 24.5 21.35 25.69 6.01 8.35 Low 240 0.25 0.30 5 
6 24.5 21.38 25.37 6.02 8.37 Low 240 0.25 0.30 5 
1 25 21.59 31.27 5.75 8.42 High 240 0.25 0.30 5 
2 25 21.59 31.28 6.27 8.43 High 240 0.25 0.30 5 
3 25 21.58 31.29 7.58 8.43 High 240 0.25 0.30 5 
4 25 21.00 25.35 6.63 8.37 Low 240 0.25 0.30 5 
5 25 21.05 25.34 6.12 8.37 Low 240 0.25 0.30 5 
6 25 21.08 25.21 6.10 8.37 Low 240 0.25 0.30 5 
1 25.5 21.69 31.33 4.84 8.36 High     
2 25.5 21.69 31.35 5.20 8.37 High     
3 25.5 21.74 31.33 4.73 8.37 High     
4 25.5 21.27 23.78 4.95 8.26 Low     
5 25.5 21.35 23.62 5.09 8.27 Low     
6 25.5 21.35 23.61 5.37 8.27 Low     
1 26 21.92 30.97 4.23 8.40 High 240 0.00 0.15 5 
2 26 21.92 30.98 5.17 8.40 High 240 0.00 0.15 5 
3 26 21.97 30.95 4.21 8.39 High 240 0.00 0.15 5 
4 26 21.58 22.04 5.14 8.29 Low 240 0.00 0.15 5 
5 26 21.66 21.82 5.56 8.28 Low 240 0.00 0.15 5 
6 26 21.62 22.05 4.60 8.29 Low 240 0.00 0.15 5 
1 26.5 22.14 30.90 5.65 8.41 High 240 0.00 0.30 5 
2 26.5 22.22 30.94 6.08 8.42 High 240 0.00 0.30 5 
3 26.5 22.35 30.90 5.52 8.41 High 240 0.00 0.30 5 

























5 26.5 21.91 20.36 5.45 8.30 Low 240 0.00 0.30 5 
6 26.5 21.95 20.55 5.86 8.34 Low 240 0.00 0.30 5 
1 27 22.32 30.99 6.05 8.41 High 240 0.25 0.15 5 
2 27 22.30 31.00 5.68 8.42 High 240 0.25 0.15 5 
3 27 22.30 31.00 5.77 8.41 High 240 0.25 0.15 5 
4 27 21.97 20.15 5.80 8.36 Low 240 0.25 0.15 5 
5 27 22.00 20.08 5.72 8.31 Low 240 0.25 0.15 5 
6 27 21.98 20.12 6.06 8.32 Low 240 0.25 0.15 5 
1 27.5 22.42 31.03 5.35 8.41 High 240 0.25 0.30 5 
2 27.5 22.43 31.03 5.85 8.43 High 240 0.25 0.30 5 
3 27.5 22.39 31.02 6.15 8.42 High 240 0.25 0.30 5 
4 27.5 22.10 20.26 5.82 8.38 Low 240 0.25 0.30 5 
5 27.5 22.11 20.11 5.92 8.34 Low 240 0.25 0.30 5 
6 27.5 22.08 20.13 6.04 8.35 Low 240 0.25 0.30 5 
1 28 22.43 30.99 4.85 8.37 High     
2 28 22.43 31.01 5.31 8.38 High     
3 28 22.45 31.01 4.73 8.37 High     
4 28 22.14 20.15 5.01 8.31 Low     
5 28 22.18 20.10 5.48 8.29 Low     
6 28 22.16 20.10 5.20 8.30 Low     
1 28.5 22.49 30.94 4.85 8.40 High 240 0.00 0.15 5 
2 28.5 22.49 30.95 5.86 8.40 High 240 0.00 0.15 5 
3 28.5 22.48 30.95 5.07 8.40 High 240 0.00 0.15 5 
4 28.5 22.17 20.12 6.25 8.35 Low 240 0.00 0.15 5 
5 28.5 22.16 20.09 6.22 8.30 Low 240 0.00 0.15 5 

























1 29 22.42 30.92 5.35 8.42 High 240 0.25 0.30 5 
2 29 22.41 30.91 6.12 8.42 High 240 0.25 0.30 5 
3 29 22.34 30.94 5.50 8.42 High 240 0.25 0.30 5 
4 29 22.09 20.13 6.32 8.35 Low 240 0.25 0.30 5 
5 29 22.11 20.09 6.30 8.34 Low 240 0.25 0.30 5 
6 29 22.08 20.10 5.77 8.35 Low 240 0.25 0.30 5 
1 29.5 22.43 30.93 5.28 8.40 High 240 0.25 0.30 5 
2 29.5 22.44 30.95 6.04 8.41 High 240 0.25 0.30 5 
3 29.5 22.43 30.96 5.16 8.41 High 240 0.25 0.30 5 
4 29.5 22.06 20.25 6.20 8.37 Low 240 0.25 0.30 5 
5 29.5 22.07 20.12 6.06 8.34 Low 240 0.25 0.30 5 
6 29.5 22.01 20.11 5.73 8.35 Low 240 0.25 0.30 5 
1 30 22.47 30.98 6.65 8.41 High     
2 30 22.46 31.00 6.12 8.42 High     
3 30 22.41 31.01 5.87 8.40 High     
4 30 22.09 20.14 5.77 8.28 Low     
5 30 22.07 20.15 5.31 8.27 Low     
6 30 22.02 20.14 5.51 8.28 Low     
1 30.5 22.51 31.03 5.90 8.40 High 240 0.00 0.15 2 
2 30.5 22.50 31.04 5.35 8.40 High 240 0.00 0.15 2 
3 30.5 22.52 31.04 5.56 8.39 High 240 0.00 0.15 2 
4 30.5 22.10 20.17 5.79 8.29 Low 240 0.00 0.30 2 
5 30.5 22.09 20.17 5.74 8.28 Low 240 0.00 0.30 2 
6 30.5 22.07 20.16 6.18 8.29 Low 240 0.00 0.30 2 
1 31 22.46 30.36 5.31 8.39 High 240 0.25 0.30 5 

























3 31 22.49 30.39 6.97 8.40 High 240 0.25 0.30 5 
4 31 22.03 19.00 5.90 8.32 Low 240 0.00 0.30 5 
5 31 22.03 18.89 5.82 8.30 Low 240 0.00 0.30 5 
6 31 22.03 19.02 6.32 8.30 Low 240 0.00 0.30 5 
1 31.5 22.53 30.37 6.11 8.40 High 240 0.25 0.15 5 
2 31.5 22.53 30.37 6.50 8.41 High 240 0.25 0.15 5 
3 31.5 22.53 30.39 6.88 8.40 High 240 0.25 0.15 5 
4 31.5 22.16 19.01 5.90 8.32 Low 240 0.25 0.30 5 
5 31.5 22.17 18.91 5.95 8.30 Low 240 0.25 0.30 5 
6 31.5 22.17 18.93 5.87 8.31 Low 240 0.25 0.30 5 
1 32 22.43 30.37 5.81 8.37 High     
2 32 22.43 30.38 5.88 8.37 High     
3 32 22.42 30.39 5.43 8.36 High     
4 32 22.20 18.93 6.33 8.27 Low     
5 32 22.20 18.93 6.38 8.26 Low     
6 32 22.20 18.92 5.38 8.28 Low     
1 32.5 22.89 30.40 5.56 8.39 High 240 0.00 0.15 2 
2 32.5 22.89 30.41 5.96 8.39 High 240 0.00 0.15 2 
3 32.5 22.90 30.41 5.59 8.38 High 240 0.00 0.15 2 
4 32.5 22.57 17.78 6.05 8.28 Low 240 0.00 0.30 2 
5 32.5 22.58 17.77 6.03 8.27 Low 240 0.00 0.30 2 
6 32.5 22.43 18.03 5.16 8.28 Low 240 0.00 0.30 2 
1 33 22.80 30.48 5.64 8.39 High 240 0.25 0.30 5 
2 33 22.80 30.49 5.66 8.39 High 240 0.25 0.30 5 
3 33 22.81 30.48 5.40 8.40 High 240 0.25 0.30 5 

























5 33 22.56 17.87 5.95 8.30 Low 240 0.25 0.30 5 
6 33 22.47 17.92 5.68 8.30 Low 240 0.25 0.30 5 
1 33.5 23.23 30.52 5.73 8.38 High 240 0.25 0.30 5 
2 33.5 23.26 30.52 6.14 8.38 High 240 0.25 0.30 5 
3 33.5 23.26 30.52 5.92 8.38 High 240 0.25 0.30 5 
4 33.5 22.92 17.99 6.10 8.32 Low 240 0.25 0.30 5 
5 33.5 22.93 17.92 6.32 8.31 Low 240 0.25 0.30 5 
6 33.5 22.91 17.92 6.50 8.31 Low 240 0.25 0.30 5 
1 34 22.78 30.46 5.36 8.37 High 240 0.50 1.00 5 
2 34 22.76 30.46 6.60 8.40 High 240 0.50 1.00 5 
3 34 22.76 30.47 7.02 8.39 High 240 0.50 1.00 5 
4 34 22.49 17.92 6.08 8.30 Low 240 0.50 1.00 5 
5 34 22.48 17.89 5.93 8.27 Low 240 0.50 1.00 5 
6 34 22.50 17.88 5.99 8.28 Low 240 0.50 1.00 5 
1 34.5 22.57 30.49 5.45 8.35 High 240 0.25 1.00 5 
2 34.5 22.55 30.49 6.64 8.36 High 240 0.25 1.00 5 
3 34.5 22.54 30.49 6.81 8.35 High 240 0.25 1.00 5 
4 34.5 22.16 17.90 5.70 8.24 Low 240 0.25 0.30 5 
5 34.5 22.16 17.89 5.98 8.23 Low 240 0.25 0.30 5 
6 34.5 22.16 17.89 6.21 8.24 Low 240 0.25 0.30 5 
1 35 22.55 30.56 5.15 8.30 High 240 0.25 1.00 10 
2 35 22.56 30.57 5.85 8.31 High 240 0.25 1.00 10 
3 35 22.53 30.58 7.07 8.31 High 240 0.25 1.00 10 
4 35 22.15 18.02 5.82 8.21 Low 240 0.25 1.00 10 
5 35 22.15 17.94 5.86 8.19 Low 240 0.25 1.00 10 

























1 35.5 22.49 30.53 6.24 8.30 High 240 0.50 1.00 5 
2 35.5 22.50 30.53 7.30 8.31 High 240 0.50 1.00 5 
3 35.5 22.49 30.53 7.33 8.30 High 240 0.50 1.00 5 
4 35.5 22.14 17.93 6.92 8.23 Low 240 0.50 1.00 5 
5 35.5 22.16 17.92 7.16 8.21 Low 240 0.50 1.00 5 
6 35.5 22.13 17.92 6.85 8.20 Low 240 0.50 1.00 5 
1 36 22.64 30.94 5.40 8.24 High 240 0.00 1.00 2 
2 36 22.84 30.96 5.78 8.26 High 240 0.00 1.00 2 
3 36 22.84 30.98 5.39 8.24 High 240 0.00 1.00 2 
4 36 22.55 18.17 5.87 8.16 Low 240 0.00 1.00 2 
5 36 22.59 18.17 5.70 8.15 Low 240 0.00 1.00 2 
6 36 22.45 18.17 5.72 8.14 Low 240 0.00 1.00 2 
1 36.5 23.47 29.75 5.40 8.17 High 240 0.00 1.00 2 
2 36.5 23.52 29.73 5.81 8.19 High 240 0.00 1.00 2 
3 36.5 23.50 29.74 4.89 8.17 High 240 0.00 1.00 2 
4 36.5 23.18 17.65 4.91 7.99 Low 240 0.00 1.00 2 
5 36.5 23.19 17.65 4.85 7.96 Low 240 0.00 1.00 2 
6 36.5 23.04 17.70 3.58 7.89 Low 240 0.00 1.00 2 
1 37 23.58 29.74 5.48 8.08 High 240 0.00 1.50 5 
2 37 23.62 29.78 5.43 8.14 High 240 0.00 1.50 5 
3 37 23.61 29.78 5.09 8.13 High 240 0.00 1.50 5 
4 37 23.12 17.71 4.90 8.19 Low 240 0.00 1.00 5 
5 37 23.14 17.70 4.93 8.19 Low 240 0.00 1.00 5 
6 37 23.07 17.21 3.78 8.13 Low 240 0.00 1.00 5 
1 37.5 24.19 29.78 4.41 8.03 High 240 0.00 1.50 5 

























3 37.5 24.23 29.80 4.68 8.02 High 240 0.00 1.50 5 
4 37.5 23.71 17.72 4.13 7.95 Low 240 0.00 1.00 5 
5 37.5 23.75 17.72 4.46 7.95 Low 240 0.00 1.00 5 
6 37.5 23.58 17.72 3.71 7.93 Low 240 0.00 1.00 5 
1 38 24.18 29.78 5.13 8.03 High 240 0.00 1.50 5 
2 38 24.19 29.79 5.15 8.06 High 240 0.00 1.50 5 
3 38 24.19 29.79 4.86 8.02 High 240 0.00 1.50 5 
4 38 23.76 17.74 4.40 7.93 Low 240 0.00 1.00 5 
5 38 23.83 17.71 4.10 7.87 Low 240 0.00 1.00 5 
6 38 23.72 17.72 3.52 7.84 Low 240 0.00 1.00 5 
1 38.5 24.56 29.79 4.60 8.02 High 240 0.25 3.00 10 
2 38.5 24.59 29.79 5.86 8.06 High 240 0.25 3.00 10 
3 38.5 24.56 29.77 5.35 8.01 High 240 0.25 3.00 10 
4 38.5 24.17 17.73 446.00 7.94 Low 240 0.25 3.00 10 
5 38.5 24.20 17.72 4.53 7.93 Low 240 0.25 3.00 10 
6 38.5 23.86 17.72 2.93 7.85 Low 240 0.25 3.00 10 
1 39 24.63 29.81 6.02 8.02 High 240 0.00 1.50 10 
2 39 24.67 29.80 6.44 8.10 High 240 0.00 1.50 10 
3 39 24.63 29.79 5.52 8.05 High 240 0.00 1.50 10 
4 39 24.33 17.76 4.48 8.16 Low 240 0.00 1.50 10 
5 39 24.32 17.77 4.31 8.16 Low 240 0.00 1.50 10 
6 39 24.20 17.76 4.54 8.16 Low 240 0.00 1.50 10 
1 39.5 24.90 29.87 4.25 8.07 High 240 0.00 1.50 10 
2 39.5 24.99 29.87 6.32 8.14 High 240 0.00 1.50 10 
3 39.5 24.93 29.86 5.55 8.03 High 240 0.00 1.50 10 

























5 39.5 24.58 17.81 4.01 8.09 Low 240 0.00 1.50 10 
6 39.5 24.48 17.81 4.45 8.12 Low 240 0.00 1.50 10 
1 40 24.68 29.80 5.53 8.10 High 240 0.00 1.00 10 
2 40 24.72 29.80 6.60 8.16 High 240 0.00 1.00 10 
3 40 24.70 29.78 6.30 8.09 High 240 0.00 1.00 10 
4 40 24.36 17.76 5.12 8.08 Low 240 0.00 1.50 10 
5 40 24.35 17.75 4.92 8.07 Low 240 0.00 1.50 10 
6 40 24.28 17.76 4.40 8.05 Low 240 0.00 1.50 10 
1 40.5 24.50 29.54 5.06 8.07 High 240 0.00 1.00 10 
2 40.5 24.59 29.53 6.70 8.14 High 240 0.00 1.00 10 
3 40.5 24.50 29.54 5.89 8.07 High 240 0.00 1.00 10 
4 40.5 24.23 17.90 5.00 8.06 Low 240 0.00 1.50 20 
5 40.5 24.23 17.90 4.93 8.04 Low 240 0.00 1.50 20 
6 40.5 24.10 17.88 5.09 8.02 Low 240 0.00 1.50 20 
1 41 24.53 29.59 4.73 8.05 High 240 0.00 1.00 10 
2 41 24.61 29.59 5.95 8.13 High 240 0.00 1.00 10 
3 41 24.54 29.59 5.04 8.07 High 240 0.00 1.00 10 
4 41 24.19 17.63 4.67 7.97 Low 240 0.00 1.50 20 
5 41 24.18 17.50 4.67 7.97 Low 240 0.00 1.50 20 
6 41 23.97 17.65 4.95 7.98 Low 240 0.00 1.50 20 
1 42 24.69 29.65 4.26 7.88 High 240 0.00 1.50 10 
3 42 24.67 29.65 4.03 7.91 High 240 0.00 1.50 10 
4 42 24.33 16.76 3.94 7.83 Low 240 0.00 1.50 5 
5 42 24.32 16.76 9.57 7.80 Low 240 0.00 1.50 5 
6 42 24.15 16.78 4.17 7.81 Low 240 0.00 1.50 5 

























3 43 25.29 30.39 5.36 7.78 High     
4 43 24.82 16.79 4.15 7.59 Low     
5 43 24.83 16.79 3.94 8.61 Low     
6 43 24.84 16.77 5.87 7.68 Low     
1 44 25.30 30.46 5.07 7.91 High     
3 44 25.29 30.46 4.39 7.89 High     
4 44 24.85 15.91 3.36 7.63 Low     
5 44 24.87 15.91 2.36 7.61 Low     
6 44 24.86 15.90 4.68 7.69 Low     
1 45 25.32 30.60 5.65 7.84 High 240 0.25 1.50 20 
3 45 25.53 30.61 4.04 7.82 High 240 0.25 1.50 20 
4 45 24.88 15.98 3.35 7.62 Low 240 0.25 1.50 20 
5 45 24.88 15.97 3.10 7.61 Low 240 0.25 1.50 20 
6 45 24.89 15.97 4.69 7.67 Low 240 0.25 1.50 20 
1 46 25.28 29.67 6.51 7.89 High 240 0.25 1.00 20 
3 46 25.30 29.67 6.80 7.91 High 240 0.25 1.00 20 
4 46 24.80 16.02 7.02 7.78 Low 240 0.25 1.00 20 
5 46 24.81 16.02 6.55 7.77 Low 240 0.25 1.00 20 
6 46 24.81 16.01 6.08 7.84 Low 240 0.25 1.00 20 
1 47 25.29 29.74 5.92 7.84 High 240 0.00 1.00 20 
3 47 25.30 29.75 5.91 7.87 High 240 0.00 1.00 20 
4 47 24.77 15.87 6.49 7.81 Low 240 0.00 1.00 20 
5 47 24.80 15.86 5.55 7.82 Low 240 0.00 1.00 20 
6 47 24.78 15.86 6.51 7.91 Low 240 0.00 1.00 20 
1 48 25.22 29.81 5.19 7.87 High 240 0.00 1.00 20 

























4 48 24.81 15.87 3.71 7.68 Low 240 0.00 1.00 20 
5 48 24.85 15.86 3.71 7.68 Low 240 0.00 1.00 20 
6 48 24.79 15.90 5.36 7.82 Low 240 0.00 1.00 20 
1 49 25.03 29.94 4.43 7.83 High 240 0.00 1.00 20 
3 49 25.02 29.93 4.99 7.86 High 240 0.00 1.00 20 
4 49 24.62 15.42 5.51 7.66 Low 240 0.00 1.00 10 
5 49 24.68 15.42 4.52 7.69 Low 240 0.00 1.00 10 
6 49 24.64 15.42 4.99 7.86 Low 240 0.00 1.00 10 
1 51 25.14 30.24 5.06 7.82 High 240 0.00 1.00 50 
3 51 25.06 30.24 6.30 7.82 High 240 0.00 1.00 50 
4 51 24.68 15.56 5.51 7.66 Low 240 0.00 1.00 50 
5 51 24.74 15.55 4.42 7.64 Low 240 0.00 1.00 50 
6 51 24.76 15.54 6.33 7.79 Low 240 0.00 1.00 50 
1 52 25.20 29.14 3.90 7.85 High 240 0.25 1.00 50 
3 52 25.13 29.15 4.08 7.87 High 240 0.25 1.00 50 
4 52 24.75 15.63 4.41 7.77 Low 240 0.25 1.00 50 
5 52 24.79 15.62 3.89 7.76 Low 240 0.25 1.00 50 
6 52 24.80 15.62 5.98 7.93 Low 240 0.25 1.00 50 
1 53 25.22 29.00 6.24 7.77 High 240 0.25 1.00 20 
3 53 25.20 29.01 7.30 7.78 High 240 0.25 1.00 20 
4 53 24.80 15.51 7.03 7.72 Low 240 0.25 1.00 50 
5 53 24.82 15.47 5.73 7.68 Low 240 0.25 1.00 50 
6 53 24.84 15.46 6.72 7.88 Low 240 0.25 1.00 50 
1 54 25.19 29.25 9.87 7.76 High 240 0.25 3.00 20 
3 54 25.26 29.25 7.53 7.80 High 240 0.25 3.00 20 

























5 54 24.82 15.61 7.23 7.86 Low 240 0.25 3.00 50 
6 54 24.83 15.61 8.07 7.99 Low 240 0.25 3.00 50 
1 55 25.22 29.46 6.64 7.89 High 240 0.25 1.00 50 
3 55 25.15 29.45 6.22 7.78 High 240 0.25 1.00 50 
4 55 24.80 15.64 8.05 7.81 Low 240 0.25 1.00 50 
5 55 24.52 15.64 6.24 7.82 Low 240 0.25 1.00 50 
6 55 24.79 15.63 7.96 8.00 Low 240 0.25 1.00 50 
1 56 25.15 29.53 6.72 7.78 High 240 0.25 1.00 50 
3 56 25.18 29.54 6.32 7.84 High 240 0.25 1.00 50 
4 56 24.80 15.69 7.20 7.89 Low 240 0.25 1.00 50 
5 56 24.77 15.68 7.12 7.83 Low 240 0.25 1.00 50 
6 56 24.78 15.69 6.41 7.94 Low 240 0.25 1.00 50 
1 57 25.23 29.51 5.88 7.86 High 240 0.25 1.50 50 
3 57 25.21 29.51 6.58 7.90 High 240 0.25 1.50 50 
4 57 24.79 15.73 8.58 7.80 Low 240 0.25 1.50 50 
5 57 24.81 15.69 6.31 7.81 Low 240 0.25 1.50 50 
6 57 24.85 15.68 6.31 8.01 Low 240 0.25 1.50 50 
1 58 25.19 28.82 6.41 7.80 High 240 0.00 1.50 50 
3 58 24.76 28.80 8.21 7.86 High 240 0.00 1.50 50 
4 58 24.76 15.33 8.65 7.72 Low 240 0.00 1.50 50 
5 58 24.75 15.33 6.00 7.72 Low 240 0.00 1.50 50 
6 58 24.77 15.31 6.75 7.95 Low 240 0.00 1.50 50 
1 59 25.20 29.31 6.06 7.86 High 240 0.00 1.50 50 
3 59 25.21 29.32 9.84 7.79 High 240 0.00 1.50 50 
4 59 24.84 15.39 9.15 7.74 Low 240 0.00 1.50 50 

























6 59 24.85 15.36 7.18 7.97 Low 240 0.00 1.50 50 
1 60 25.19 29.59 5.06 7.82 High 240 0.50 1.50 50 
3 60 25.16 29.54 6.48 7.85 High 240 0.50 1.50 50 
4 60 24.79 15.35 5.48 7.71 Low 240 0.25 1.50 50 
5 60 24.82 15.35 5.43 7.80 Low 240 0.25 1.50 50 
6 60 24.85 15.34 6.48 7.97 Low 240 0.25 1.50 50 
1 61 25.11 29.14 4.79 7.82 High 240 0.00 1.50 50 
3 61 25.00 29.14 7.01 7.85 High 240 0.00 1.50 50 
4 61 24.60 15.23 5.56 7.71 Low 240 0.00 1.50 50 
5 61 24.67 15.21 7.30 7.80 Low 240 0.00 1.50 50 
6 61 24.77 15.21 7.05 7.97 Low 240 0.00 1.50 50 
1 62 24.99 29.59 4.21 7.83 High 240 0.00 1.50 50 
3 62 25.11 29.60 6.16 7.79 High 240 0.00 1.50 50 
4 62 24.58 15.31 4.70 7.64 Low 240 0.00 1.00 50 
5 62 24.65 15.31 3.68 7.65 Low 240 0.00 1.00 50 
6 62 24.75 15.29 7.44 7.92 Low 240 0.00 1.00 50 
1 63 25.12 29.04 6.04 7.80 High 240 0.00 1.50 50 
3 63 25.14 29.06 6.01 7.86 High 240 0.00 1.50 50 
4 63 24.67 15.20 6.52 7.66 Low 240 0.00 1.00 50 
5 63 24.75 15.20 5.02 7.66 Low 240 0.00 1.00 50 
6 63 24.95 15.19 7.09 7.97 Low 240 0.00 1.00 50 
1 64 26.30 30.52 4.69 7.73 High 240 0.00 1.50 50 
3 64 26.30 30.52 5.44 7.81 High 240 0.00 1.50 50 
4 64 25.58 15.94 6.14 7.68 Low 240 0.00 1.00 50 
5 64 25.65 15.94 5.71 7.71 Low 240 0.00 1.00 50 

























1 65 26.19 30.72 5.16 7.82 High     
3 65 26.31 30.69 5.96 7.89 High     
4 65 25.59 16.01 6.74 7.74 Low     
5 65 25.64 16.02 6.88 7.81 Low     
6 65 25.78 16.01 6.33 8.00 Low     
1 66 27.24 30.76 5.04 7.76 High 240 0.00 1.00 50 
3 66 27.22 30.77 6.12 7.84 High 240 0.00 1.00 50 
4 66 26.68 16.05 5.91 7.68 Low 240 0.00 1.00 50 
5 66 26.71 16.05 4.66 7.67 Low 240 0.00 1.00 50 
6 66 26.92 16.03 6.61 7.93 Low 240 0.00 1.00 50 
1 67 27.25 30.38 3.24 7.68 High 240 0.00 1.00 50 
3 67 27.26 30.36 3.89 7.76 High 240 0.00 1.00 50 
4 67 26.72 15.66 3.57 7.61 Low 240 0.00 1.00 50 
5 67 26.72 15.67 2.87 7.51 Low 240 0.00 1.00 50 
6 67 26.91 15.66 5.01 7.89 Low 240 0.00 1.00 50 
1 68 27.76 29.23 9.30 7.99 High     
3 68 27.66 28.88 7.87 7.79 High     
4 68 27.17 15.42 7.10 7.84 Low     
5 68 27.16 15.42 5.15 7.80 Low     
6 68 27.15 15.41 8.79 7.92 Low     
1 69 27.73 27.51 8.29 7.98 High 240 0.00 1.00 50 
3 69 27.69 27.52 8.07 7.99 High 240 0.00 1.00 50 
4 69 27.21 15.48 7.00 7.81 Low 240 0.00 1.00 50 
5 69 27.17 15.47 5.18 7.78 Low 240 0.00 1.00 50 
6 69 27.16 15.47 8.45 7.90 Low 240 0.00 1.00 50 

























3 70 27.72 8.15 8.15 7.95 High 240 0.00 1.00 50 
4 70 27.21 15.52 6.27 7.80 Low 240 0.00 1.00 50 
5 70 27.16 15.52 4.70 7.74 Low 240 0.00 1.00 50 
6 70 27.17 15.52 8.55 7.85 Low 240 0.00 1.00 50 
1 71 27.70 25.66 7.07 7.89 High 240 0.00 0.15 50 
3 71 27.64 25.63 7.58 7.91 High 240 0.00 0.15 50 
4 71 27.21 15.62 5.78 7.74 Low 240 0.00 1.50 50 
5 71 27.17 15.62 4.56 7.71 Low 240 0.00 1.50 50 
6 71 27.14 15.62 8.66 7.86 Low 240 0.00 1.50 50 
1 72 27.80 23.64 8.99 7.87 High 240 0.00 0.00 50 
3 72 27.72 23.64 7.71 7.87 High 240 0.00 0.00 50 
4 72 27.23 15.68 6.75 7.72 Low 240 0.00 0.30 50 
5 72 27.21 15.68 4.70 7.66 Low 240 0.00 0.30 50 
6 72 27.19 15.67 9.25 7.80 Low 240 0.00 0.30 50 
1 73 27.79 22.12 5.45 7.79 High 240 0.00 0.15 50 
3 73 27.76 22.11 7.51 7.83 High 240 0.00 0.15 50 
4 73 27.33 15.82 6.21 7.80 Low 240 0.00 0.30 50 
5 73 27.12 15.74 6.12 7.72 Low 240 0.00 0.30 50 
6 73 27.18 15.73 6.79 7.76 Low 240 0.00 0.30 50 
1 74 27.66 20.44 4.94 7.84 High 240 0.00 0.15 50 
3 74 27.62 20.44 7.24 7.87 High 240 0.00 0.15 50 
4 74 27.13 15.37 4.58 7.69 Low 240 0.00 0.15 50 
5 74 27.12 15.37 6.92 7.65 Low 240 0.00 0.15 50 
6 74 27.14 15.36 8.26 7.78 Low 240 0.00 0.15 50 
1 75 27.77 18.36 6.80 7.86 High 240 0.00 0.15 50 

























4 75 27.11 15.15 3.25 7.57 Low 240 0.00 0.15 50 
5 75 27.09 15.15 6.07 7.53 Low 240 0.00 0.15 50 
6 75 27.13 15.15 6.32 7.52 Low 240 0.00 0.15 50 
1 76 27.70 17.30 6.42 7.63 High     
3 76 27.61 17.30 6.77 7.64 High     
4 76 27.07 15.25 2.70 7.52 Low     
5 76 27.09 15.24 4.62 7.41 Low     
6 76 27.04 15.24 9.06 7.67 Low     
1 77 27.79 16.52 5.62 7.66 High 240 0.00 0.30 50 
3 77 27.65 16.52 7.05 7.69 High 240 0.00 0.30 50 
4 77 27.15 15.30 3.59 7.55 Low 240 0.00 0.30 50 
5 77 27.15 15.80 8.01 7.58 Low 240 0.00 0.30 50 
6 77 27.09 15.30 9.34 7.76 Low 240 0.00 0.30 50 
1 78 27.83 14.23 5.24 7.61 High 180 0.00 0.00 50 
3 78 27.75 14.24 6.77 7.63 High 180 0.00 0.00 50 
4 78 27.24 14.22 2.28 7.44 Low 240 0.00 0.00 50 
5 78 27.25 14.22 6.35 7.44 Low 240 0.00 0.00 50 
6 78 27.18 14.22 9.42 7.60 Low 240 0.00 0.00 50 
1 79 27.31 13.89 10.96 8.01 High 240 0.00 0.15 20 
3 79 27.27 13.91 7.48 7.86 High 240 0.00 0.15 20 
4 79 25.65 14.33 10.64 7.35 Low 240 0.00 0.30 50 
5 79 25.64 14.08 8.32 7.27 Low 240 0.00 0.30 50 
6 79 25.73 14.59 8.29 7.33 Low 240 0.00 0.30 50 
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 – Larval Rearing Feedings 
Table G.1 Larval feedings added to tank 1 (high salinity) throughout larval rearing (1 - 
79 dph). Live feeds included rotifers (Brachionus spp.) and artemia (Artemia spp.) 
enriched with Selco S.presso and Easy DHA Selco respectively. Inert feeds included 













1 AM      
1 PM      
2 AM 37,500     
2 PM 37,500     
3 AM 37,500 0.50    
3 PM 37,500 0.50    
4 AM  0.50    
4 PM 37,500 0.50    
5 AM 37,500 0.50    
5 PM  0.20    
6 AM  0.20    
6 PM  0.00    
7 AM  0.25    
7 PM  0.50    
8 AM  0.50    
8 PM  1.50    
9 AM 18,750 1.50    
9 PM  1.50    
10 AM  1.50    
10 PM  1.00    
11 AM  1.50    
11 PM  1.00    
12 AM  0.50    
12 PM  0.50    
13 AM  0.50    
13 PM  0.50    
14 AM 18,750 2.00    
14 PM  2.00    
15 AM  1.50    
15 PM  1.50    
16 AM  2.00    
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16 PM  1.50    
17 PM  2.00    
18 AM  1.00    
18 PM  1.50    
19 AM  1.00    
19 PM  3.00    
20 AM  3.00    
20 PM  3.00    
21 AM  1.50    
21 PM  1.50    
22 AM  1.50    
22 PM  3.50    
23 AM  3.50 0.75   
23 PM  3.00 0.75   
24 AM  3.00 1.00   
24 PM  3.00 0.75   
25 AM  3.00 0.75   
25 PM  2.00 1.00   
26 AM  2.00 1.00   
26 PM  2.00 1.00   
27 AM  1.50 1.00   
27 PM  1.50 1.00   
28 AM  2.00 1.25   
28 PM  2.00 1.50   
29 AM  2.00 0.75   
29 PM  2.00 0.75   
30 AM  2.00 1.00   
30 PM  2.00 1.00   
31 AM  2.90 1.10   
31 PM  2.00 2.00   
32 AM   2.00   
32 PM   2.00   
33 AM   0.88   
33 PM   2.00   
34 AM   2.00   
34 PM   2.00   
35 AM   2.00   
35 PM   2.00   
36 AM   1.00   
36 PM   2.00   
37 AM   2.00   
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37 PM   1.50   
38 AM   1.50   
38 PM   1.50   
39 AM   1.00   
39 PM   1.00   
40 AM   1.00   
40 PM   1.00   
41 AM   0.50   
41 PM   0.50   
42 AM   0.50   
42 PM   0.50   
43 AM   0.50   
43 PM   0.50   
44 AM   0.25   
44 PM      
45 AM      
45 PM      
46 AM      
46 PM      
47 AM      
47 PM      
48 AM      
48 PM      
49 AM      
49 PM      
50 AM      
50 PM      
51 AM      
51 PM      
52 AM      
52 PM      
53 AM      
53 PM      
54 AM      
54 PM      
55 AM      
55 PM      
56 AM      
56 PM      
57 AM      
57 PM      
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58 AM      
58 PM      
59 AM      
59 PM      
60 AM      
60 PM      
61 AM      
61 PM      
62 AM      
62 PM      
63 AM      
63 PM      
64 AM      
64 PM      
65 AM      
65 PM      
66 AM      
66 PM      
67 AM      
67 PM      
68 AM      
68 PM      
69 AM      
69 PM      
70 AM      
70 PM      
71 AM      
71 PM      
72 AM      
72 PM      
73 AM      
73 PM      
74 AM      
74 PM      
75 AM      
75 PM      
76 AM      
76 PM      
77 AM      
77 PM      
78 AM      
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78 PM      
79 AM      
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Table G.2 Larval feedings added to tank 2 (high salinity) throughout larval rearing (1 - 
79 dph). Live feeds included rotifers (Brachionus spp.) and artemia (Artemia spp.) 
enriched with Selco S.presso and Easy DHA Selco respectively. Inert feeds included 













1 AM      
1 PM      
2 AM 37,500     
2 PM 37,500     
3 AM 37,500 0.50    
3 PM 37,500 1.00    
4 AM  0.50    
4 PM 37,500 0.50    
5 AM 37,500 0.50    
5 PM  0.00    
6 AM  0.00    
6 PM  0.20    
7 AM  0.50    
7 PM  0.50    
8 AM  0.50    
8 PM  0.50    
9 AM 18,750 0.50    
9 PM  0.50    
10 AM  0.50    
10 PM  0.50    
11 AM  0.50    
11 PM  0.50    
12 AM  1.00    
12 PM  0.50    
13 AM  0.50    
13 PM  0.50    
14 AM  0.50    
14 PM 18,750 0.50    
15 AM  0.50    
15 PM  0.50    
16 AM  0.50    
16 PM  0.50    
17 AM  0.50    
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17 PM  0.50    
18 AM  1.00    
18 PM  0.50    
19 PM  0.50    
20 AM  0.50    
20 PM  0.50    
21 AM  0.50    
21 PM  0.50    
22 AM  0.50    
22 PM  1.00    
23 AM  1.00 0.75   
23 PM  3.00 0.75   
24 AM  3.00 1.00   
24 PM  3.00 0.75   
25 AM  3.00 0.75   
25 PM  2.00 0.25   
26 AM  2.00 0.25   
26 PM  2.00 0.25   
27 AM  2.00 0.75   
27 PM  2.00 0.75   
28 AM  2.00 1.00   
28 PM  2.50 0.75   
29 AM  2.50 0.75   
29 PM  2.50 0.75   
30 AM  2.00 1.00   
30 PM  2.00 1.00   
31 AM  3.25 0.75   
31 PM  3.25 0.75   
32 AM   0.75   
32 PM   0.75   
33 AM   0.25   
33 PM   0.75   
34 AM   0.75   
34 PM   0.50   
35 AM   0.80   
35 PM   0.75   
36 AM   1.00   
36 PM   2.00   
37 AM   2.00   
37 PM   1.50   
38 AM   1.50   
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38 PM      
39 AM      
40 AM      
40 PM      
41 PM      
42 AM      
42 PM      
43 AM      
43 PM      
44 AM      
44 PM      
45 AM      
45 PM      
46 AM      
46 PM      
47 AM      
47 PM      
48 AM      
48 PM      
49 AM      
49 PM      
50 AM      
50 PM      
51 AM      
51 PM      
52 AM      
52 PM      
53 AM      
53 PM      
54 AM      
54 PM      
55 AM      
55 PM      
56 AM      
56 PM      
57 AM      
57 PM      
58 AM      
58 PM      
59 AM      
59 PM      
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60 AM      
60 PM      
61 AM      
62 AM      
62 PM      
63 AM      
63 PM      
64 AM      
64 PM      
65 AM      
65 PM      
66 AM      
66 PM      
67 AM      
67 PM      
68 AM      
68 PM      
69 AM      
69 PM      
70 AM      
70 PM      
71 AM      
71 PM      
72 AM      
72 PM      
73 AM      
73 PM      
74 AM      
74 PM      
75 AM      
75 PM      
76 AM      
76 PM      
77 AM      
77 PM      
78 AM      
78 PM      





Table G.3 Larval feedings added to tank 3 (high salinity) throughout larval rearing 
(1 - 79 dph). Live feeds included rotifers (Brachionus spp.) and artemia (Artemia 
spp.) enriched with Selco S.presso and Easy DHA Selco respectively. Inert feeds 
included algae (Rotigrow Nanno) paste and dry pelleted feed of varying size 
(Gemma Wean). 















1 AM      
1 PM      
2 AM 37,500   37,500  
2 PM 37,500   37,500  
3 AM 37,500 0.50  37,500  
3 PM 37,500 1.00  37,500  
4 AM      
4 PM 37,500 0.50  37,500  
5 AM 37,500 0.50  37,500  
5 PM  0.00    
6 AM  0.00    
6 PM  0.20    
7 AM  0.25    
7 PM  0.50    
8 AM  0.50    
8 PM  0.50    
9 AM 18,750 0.50  18,750  
9 PM  0.50    
10 AM  0.50    
10 PM  0.50    
11 AM  0.50    
11 PM  0.50    
12 AM  1.00    
12 PM  0.50    
13 AM  0.50    
13 PM  0.50    
14 AM 18,750 0.50  18,750  
14 PM  0.50    
15 AM  0.50    
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15 PM  0.50    
16 AM  0.50    
16 PM  0.50    
17 AM  0.50    
17 PM  0.50    
18 AM  1.00    
18 PM  0.50    
19 AM  0.50    
19 PM  0.50    
20 AM  0.50    
20 PM  0.50    
21 AM  0.50    
21 PM  0.50    
22 AM  0.50    
22 PM  1.00    
23 AM  1.00 0.75   
23 PM  3.00 0.75   
24 AM  3.00 1.00   
24 PM  3.00 0.75   
25 AM  3.00 0.75   
25 PM  2.00 0.75   
26 AM  2.00 0.25   
26 PM  2.00 0.25   
27 AM  2.00 0.75   
27 PM  2.00 0.75   
28 AM  2.00 1.00   
28 PM  2.50 0.75   
29 AM  2.50 0.75   
29 PM  2.50 0.75   
30 AM  2.00 1.00   
30 PM  2.00 1.00   
31 AM  3.25 0.75   
31 PM  3.25 0.75   
32 AM   0.75   
32 PM   75.00   
33 AM   0.25   
33 PM   0.75   
34 AM   0.75   
34 PM   0.50   
35 AM   0.80   
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35 PM   0.75   
36 AM   1.00   
36 PM   2.00   
37 AM   2.00   
37 PM   1.50   
38 AM   1.50   
38 PM   1.50   
39 AM   1.00   
39 PM   1.00   
40 AM   1.00   
40 PM   1.00   
41 AM   0.50   
41 PM   0.50   
42 AM   0.50   
42 PM   0.50   
43 AM   0.50   
43 PM   0.25   
44 AM   0.25   
44 PM      
45 AM      
45 PM      
46 AM      
46 PM      
47 AM      
47 PM      
48 AM      
48 PM      
49 AM      
49 PM      
50 AM      
50 PM      
51 AM      
51 PM      
52 AM      
52 PM      
53 AM      
53 PM      
54 AM      
54 PM      
55 AM      
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55 PM      
56 AM      
56 PM      
57 AM      
57 PM      
58 AM      
58 PM      
59 AM      
59 PM      
60 AM      
60 PM      
61 AM      
61 PM      
62 AM      
62 PM      
63 AM      
63 PM      
64 AM      
64 PM      
65 AM      
65 PM      
66 AM      
66 PM      
67 AM      
67 PM      
68 AM      
68 PM      
69 AM      
69 PM      
70 AM      
70 PM      
71 AM      
71 PM      
72 AM      
72 PM      
73 AM      
73 PM      
74 AM      
74 PM      
75 AM      
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75 PM      
76 AM      
76 PM      
77 AM      
77 PM      
78 AM      
78 PM      




Table G.4 Larval feedings added to tank 4 (high salinity) throughout larval rearing (1 
- 79 dph). Live feeds included rotifers (Brachionus spp.) and artemia (Artemia spp.) 
enriched with Selco S.presso and Easy DHA Selco respectively. Inert feeds included 














1 AM      
1 PM      
2 AM 37,500     
2 PM 37,500     
3 AM 37,500 0.50    
3 PM 37,500 1.00    
4 AM      
4 PM 37,500 0.50    
5 AM 37,500 0.50    
5 PM  0.00    
6 AM  0.40    
6 PM      
7 AM  0.25    
7 PM  0.50    
8 AM  0.50    
8 PM  0.50    
9 AM 18,750 1.50    
9 PM  1.50    
10 AM  1.50    
10 PM  1.00    
11 AM  1.50    
11 PM  1.00    
12 AM  1.50    
12 PM  1.00    
13 AM  1.50    
13 PM  1.50    
14 AM 18,750 2.00    
14 PM  2.00    
15 AM  1.50    
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15 PM  1.50    
16 AM  2.00    
16 PM  1.50    
17 AM  2.00    
17 PM  2.00    
18 AM  2.00    
18 PM  2.50    
19 AM  3.00    
19 PM  3.00    
20 AM  3.00    
20 PM  3.00    
21 AM  3.00    
21 PM  3.00    
22 AM  3.00    
22 PM  3.50    
23 AM  3.50 0.75   
23 PM  3.00 0.75   
24 AM  3.00 1.00   
24 PM  3.00 0.75   
25 AM  3.00 0.75   
25 PM  2.00 1.00   
26 AM  2.00 1.00   
26 PM  2.00 1.00   
27 AM  1.50 1.00   
27 PM  1.50 1.00   
28 AM  2.00 1.25   
28 PM  2.00 1.50   
29 AM  2.00 1.50   
29 PM  2.00 1.75   
30 AM  2.00 2.00   
30 PM  2.00 2.00   
31 AM  2.00 2.00   
31 PM  2.00 2.00   
32 AM   2.00   
32 PM   2.00   
33 AM   2.00   
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33 PM   2.00   
34 AM   2.00   
34 PM   2.00   
35 AM   2.00   
35 PM   2.00   
36 AM   1.00   
36 PM   2.00   
37 AM   2.00   
37 PM   1.50   
38 AM   1.50   
38 PM   1.50   
39 AM   1.50   
39 PM   1.50   
40 AM   1.50   
40 PM   1.50   
41 AM   0.50   
41 PM   0.50   
42 AM   0.50   
42 PM   0.50   
43 AM   0.50   
43 PM   0.25   
44 AM   0.25   
44 PM      
45 AM      
45 PM      
46 AM      
46 PM      
47 AM      
47 PM      
48 AM      
48 PM      
49 AM      
49 PM      
50 AM      
50 PM      
51 AM      
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51 PM      
52 AM      
52 PM      
53 AM      
53 PM      
54 AM      
54 PM      
55 AM      
55 PM      
56 AM      
56 PM      
57 AM      
57 PM      
58 AM      
58 PM      
59 AM      
59 PM      
60 AM      
60 PM      
61 AM      
61 PM      
62 AM      
62 PM      
63 AM      
63 PM      
64 AM      
64 PM      
65 AM      
65 PM      
66 AM      
66 PM      
67 AM      
67 PM      
68 AM      
68 PM      
69 AM      
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69 PM      
70 AM      
70 PM      
71 AM      
71 PM      
72 AM      
72 PM      
73 AM      
73 PM      
74 AM      
74 PM      
75 AM      
75 PM      
76 AM      
76 PM      
77 AM      
77 PM      
78 AM      
78 PM      
79 AM      
















Table G.5 Larval feedings added to tank 5 (high salinity) throughout larval rearing (1 - 
79 dph). Live feeds included rotifers (Brachionus spp.) and artemia (Artemia spp.) 
enriched with Selco S.presso and Easy DHA Selco respectively. Inert feeds included 














1 AM      
1 PM      
2 AM 37,500     
2 PM 37,500     
3 AM 37,500 0.50    
3 PM 37,500 1.00    
4 AM      
4 PM 37,500 0.50    
5 AM 37,500 0.50    
5 PM  0.80    
6 AM  1.00    
6 PM  0.50    
7 AM  0.50    
7 PM  0.50    
8 AM  1.50    
8 PM  1.50    
9 AM 18,750 1.50    
9 PM  1.50    
10 AM  1.50    
10 PM  1.00    
11 AM  1.50    
11 PM  1.00    
12 AM  1.50    
12 PM  1.00    
13 AM  1.50    
13 PM  1.50    
14 AM 18,750 2.00    
14 PM  2.00    
15 AM  1.50    
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15 PM  1.50    
16 AM  2.00    
16 PM  1.50    
17 AM  2.50    
17 PM  2.50    
18 AM  2.50    
18 PM  3.00    
19 AM  3.00    
19 PM  3.00    
20 AM  3.00    
20 PM  3.00    
21 AM  3.00    
21 PM  3.00    
22 AM  3.00    
22 PM  3.50    
23 AM  3.50 0.75   
23 PM  3.00 0.75   
24 AM  3.00 1.00   
24 PM  3.00 0.75   
25 AM  3.00 1.00   
25 PM  2.00 1.00   
26 AM  3.00 1.00   
26 PM  2.00 1.00   
27 AM  2.00 1.00   
27 PM  2.00 1.00   
28 AM  2.00 1.25   
28 PM  2.00 1.50   
29 AM  2.00 1.50   
29 PM  2.00 1.75   
30 AM  2.00 2.00   
30 PM  2.00 2.00   
31 AM  2.00 2.00   
31 PM  2.00 2.00   
32 AM   2.00   
32 PM   2.00   
33 AM   2.00   
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33 PM   2.00   
34 AM   2.00   
34 PM   2.00   
35 AM   2.00   
35 PM   2.00   
36 AM   1.00   
36 PM   2.00   
37 AM   2.00   
37 PM   1.50   
38 AM   1.50   
38 PM   1.50   
39 AM   1.50   
39 PM   1.50   
40 AM   1.50   
40 PM   1.50   
41 AM   0.50   
41 PM   0.50   
42 AM   0.50   
42 PM   0.50   
43 AM   0.50   
43 PM   0.25   
44 AM   0.25   
44 PM      
45 AM      
45 PM      
46 AM      
46 PM      
47 AM      
47 PM      
48 AM      
48 PM      
49 AM      
49 PM      
50 AM      
50 PM      
51 AM      
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51 PM      
52 AM      
52 PM      
53 AM      
53 PM      
54 AM      
54 PM      
55 AM      
55 PM      
56 AM      
56 PM      
57 AM      
57 PM      
58 AM      
58 PM      
59 AM      
59 PM      
60 AM      
60 PM      
61 AM      
61 PM      
62 AM      
62 PM      
63 AM      
63 PM      
64 AM      
64 PM      
65 AM      
65 PM      
66 AM      
66 PM      
67 AM      
67 PM      
68 AM      
68 PM      
69 AM      
 
138 













69 PM      
70 AM      
70 PM      
71 AM      
71 PM      
72 AM      
72 PM      
73 AM      
73 PM      
74 AM      
74 PM      
75 AM      
75 PM      
76 AM      
76 PM      
77 AM      
77 PM      
78 AM      
78 PM      






Table G.6 Larval feedings added to tank 6 (high salinity) throughout larval rearing (1 
- 79 dph). Live feeds included rotifers (Brachionus spp.) and artemia (Artemia spp.) 
enriched with Selco S.presso and Easy DHA Selco respectively. Inert feeds included 















1 AM      
1 PM      
2 AM 37,500     
2 PM 37,500     
3 AM 37,500 0.50    
3 PM 37,500 1.00    
4 AM      
4 PM 37,500 0.50    
5 AM 37,500 0.50    
5 PM  0.00    
6 AM  0.20    
6 PM  0.20    
7 AM  0.50    
7 PM  0.50    
8 AM  0.50    
8 PM  0.50    
9 AM 18,750 0.50    
9 PM  0.50    
10 AM  0.50    
10 PM  0.50    
11 AM  0.50    
11 PM  0.50    
12 AM  0.50    
12 PM  0.50    
13 AM  0.50    
13 PM  0.50    
14 AM 18,750 0.50    
14 PM  0.50    
15 AM  0.50    
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15 PM  0.50    
16 AM  0.50    
16 PM  0.50    
17 AM  0.50    
17 PM  0.50    
18 AM  0.50    
18 PM  0.50    
19 AM  2.00    
19 PM  0.50    
20 AM  0.50    
20 PM  0.50    
21 AM  1.00    
21 PM  1.00    
22 AM  1.00    
22 PM  2.00    
23 AM  2.00 0.75   
23 PM  3.00 0.75   
24 AM  3.00 1.00   
24 PM  3.00 0.75   
25 AM  3.00 0.75   
25 PM  3.00 0.50   
26 AM  3.00 0.50   
26 PM  3.00 0.75   
27 AM  2.00 0.75   
27 PM  2.00 0.75   
28 AM  2.00 1.25   
28 PM  2.00 0.75   
29 AM  2.00 0.75   
29 PM  2.00 0.75   
30 AM  2.00 1.00   
30 PM  2.00 1.00   
31 AM  3.25 0.75   
31 PM  3.25 0.75   
32 AM   0.75   
32 PM   0.75   
33 AM   0.75   
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33 PM   0.75   
34 AM   0.75   
34 PM   0.50   
35 AM   2.00   
35 PM   0.75   
36 AM   1.00   
36 PM   2.00   
37 AM   2.00   
37 PM   1.50   
38 AM   1.50   
38 PM   1.00   
39 AM   1.00   
39 PM   1.00   
40 AM   1.00   
40 PM   1.00   
41 AM   0.50   
41 PM   0.50   
42 AM   0.50   
42 PM   0.50   
43 AM   0.50   
43 PM   0.25   
44 AM   0.25   
44 PM      
45 AM      
45 PM      
46 AM      
46 PM      
47 AM      
47 PM      
48 AM      
48 PM      
49 AM      
49 PM      
50 AM      
50 PM      
51 AM      
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51 PM      
52 AM      
52 PM      
53 AM      
53 PM      
54 AM      
54 PM      
55 AM      
55 PM      
56 AM      
56 PM      
57 AM      
57 PM      
58 AM      
58 PM      
59 AM      
59 PM      
60 AM      
60 PM      
61 AM      
61 PM      
62 AM      
62 PM      
63 AM      
63 PM      
64 AM      
64 PM      
65 AM      
65 PM      
66 AM      
66 PM      
67 AM      
67 PM      
68 AM      
68 PM      
69 AM      
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69 PM      
70 AM      
70 PM      
71 AM      
71 PM      
72 AM      
72 PM      
73 AM      
73 PM      
74 AM      
74 PM      
75 AM      
75 PM      
76 AM      
76 PM      
77 AM      
77 PM      
78 AM      
78 PM      
78 PM      
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